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1. INTRODUCTION 

1.1 Reporting 

The three year research project commenced In October, 1984 following project 
confirmation and receipt of an administrative digest in August of the same 
year. The first progress report was submitted on March 26th, 1985 and Included 
work completed during the first 6 months of the study. A second progress 
report was submitted on June 16th, 1986, and presented a summary of the 
progress achieved during the subsequent 15 month period. In addition, research 
papers were presented at Ministry of the Environment Technology Transfer Con- 
ferences in 1985 and 1986. This document represents the final project report. 

1.2 Background to the Investigation 

Shallow aquifer systems in surficial Quaternary sediments are a primary 
groundwater resource throughout much of south-central Ontario. Due to the 
geometrical complexity of these sediments and their highly variable hydraulic 
characteristics, these aquifers are extremely susceptible to groundwater con- 
tamination with many groundwaters throughout the area showing chloride con- 
centrations considerably in excess of the anticipated background level. In 
many cases, (e.g. Sibul et al., 1977), elevated concentrations of chloride and 
associated major ions, result In total dissolved solids concentrations exceed- 
ing the maximum desirable level of 500 mg/L. 

Sources of contamination responsible for chloride enrichment are numerous, 
particularly in Metropolitan Toronto and environs where the diversity of ur- 
ban, agricultural and industrial activities provide a considerable range of 
potent i a 1 poll utants. Possi ble unnatural sources of chl or 1 de 1 ncl ude poi nt 
sources such as landfilled municipal and industrial wastes and non-point 
sources such as road de-icing chemicals, certain fertilizers and the chemical 
products of urban development. To these must be added natural non-point 
sources of chloride such as saline formation waters commonly associated with 
bedrock aquitards. Point sources of contamination receive most media/research 
attention but tend to cause only localized contamination. Non-point sources on 
the other hand, often result in the long-term accumulation of contaminants in 
the shallow sub-surface which when released to aquifer systems can cause rapid 
and widespread degradation of water quality. 

The value of chloride as an Indicator of groundwater contamination in shallow 
aquifers is unquestionable. The ion is easily and routinely determined using 
standard analytical procedures. It is also, by nature, extremely conservative, 
being virtually unaffected by biological and chemical processes (for example, 
ion-exchange, oxidation/reduction, precipitation etc.) that retard the move- 
ment of all other routinely determined major ion parameters. The major dif- 
ficulty lies in recognizing situations where elevated chloride concentrations 
are attributable to unnatural (non-aquifer) sources and subsequently differen- 
tiating between the various possible contaminant origins. 



Traditionally, attempts to identify sources of groundwater contamination have 
focused on the detection of specific toxic materials believed to be present in 
the alleged contaminant source. Unfortunately, these toxic materials tend to 
occur in concentrations close to detection limits and are extremely difficult 
and expensive to determine with any precision. Furthermore, some of the toxic 
materials can occur naturally 1n sub-surface waters, thus giving rise to 
potentially misleading data. Consequently this approach Is often inconclusive 
and rarely satisfactory. 

Contamination problems are not restricted to source Identification. In recent 
years contaminant studies have tended to focus on leachate migration from 
landfills. By comparison, the potential hazards associated with non-point 
sources have received little attention and the mechanisms of sub-surface ac- 
cumulation and transport of contaminants derived in this way are not well un- 
derstood. Road de-icing chemicals are a good example. In the Don River 
watershed of Metropolitan Toronto, studies by Paine (1979) have Indicated that 
as little as SOX of chloride applied as road salt is being removed from the 
catchment by stream flow. This implies that the considerable excess, amounting 
to as much as 25,000 tonnes of chloride is accumulating annually in the shal- 
low sub-surface of the watershed. The importance of the issue cannot be over 
emphasized. In its 1979 report, the WHO Working Group drew attention to 
studies that associated the intake of sodium, the counter-ion to chloride in 
most de-icing salts, with hypernatraemia and "sudden Infant death". It is also 
recognized that sodium may have serious adverse physiological effects on in- 
dividuals with cardiac, renal and circulatory problems (Moses, 1980) and, 
together with chloride (Morris and Kurtz, 1984), the ion has been linked with 
hypertension affecting over two million Canadians. It has been suggested by 
the American Heart Association that the recommended maximum concentration of 
sodium In drinking water be set at 22 mg/L, a level exceeded in 141 of 182 
groundwater samples collected from roadside wells in York Region of southern 
Ontario by Joy (1979). 



1.3 Project Objectives 

The study has utilized major 1on, minor ion, and trace metal hydrochemistry to 
address three primary objectives: 

1) To determine the natural background levels of major ions (Ca, Na, Mg, 
K, HCO3 , Cl, NO3 , and SO4), minor ions (I, F, Br) and trace metals ( Mn, P, 
Al , Fe, Ba, B, Cd, Cr, Co, Se, Sb, As, V, 2n) in uncontaminated, natural ly 
evolving groundwaters in shallow, surficial sediments. Until this 1s known, it 
would be extremely difficult to recognize chemical anomalies that are con- 
clusively indicative of groundwater contamination. 

2) To characterize potential contaminant sources by means of major Ion, 
minor 1on and trace metal parameters. This screening process allows recogni- 
tion of constituents which may prove diagnostic indicators of contaminant 
source. 



3) To confirm that non-point source contaminants are accumulating in the 
shallow sub-surface, and to develop, through a knowledge of their sub-surface 
chemical character, a convenient and definitive hydrochemical method of Iden- 
tifying the contaminant origins. 

Throughout the study, emphasis has been placed on non-point contaminant 
sources that Include fertilizers, road de-icing chemicals and bedrock waters. 
Point source contamination from landfill sites and sundry agricultural sources 
have also been considered to a lesser extent. 

1,4 Report Format 

The first three sections of the report provide background Information for the 
hydrochemical study. Following this current introductory section (Section 1), 
Section 2 describes the Pleistocene geology, land use and rationale for choos- 
ing the study areas, and Section 3 discusses the two major hydrochemical 
studies previously undertaken in the study areas as well as previous research 
on non-point contamination of aquifers and the unsaturated zone. The rationale 
and field methods of the hydrochemical study are presented In Section 4. This 
is followed with a discussion of results in Sections 5 and 6. The conclusions 
and recommendations are contained in Section 7. 

Supplementary information is presented as Appendices to the main body of the 
report. A summary of the analytical techniques used in this study is given in 
Appendix I. Analytical results of groundwaters, non-point source contaminants, 
and interstitial waters are given in Appendices II, III, and IV while the 
results of sediment analyses are provided in Appendix V. Distribution maps of 
major, minor, and trace constituents are provided in Appendix VI. 



2. STUDY AREAS AND GEOLOGICAL HISTORY 



2.1 Introduction 



The study was conducted principally In two areas - Metropolitan Toronto and 
the Duff Ins Creek-Rouge River drainage basin. A third minor area, east of 
Brantford was chosen for one sample site due to difficulties in sampling in 
the Duffins Creek-Rouge River basin. The geologic and land use history of the 
three study areas are discussed below. 



2.2 Study Areas 

2.2.1 Duffins Creek-Rouge River Drainage Basins 

The Duffins Creek-Rouge River drainage basins can be considered the primary 
study area, as it was used to determine the background chemistry of the 
naturally evolving groundwaters. This basin was ideally suited since it had 
been the subject of two previous hydrochemical studies (Sibul, 1979; Beck, 
1985). As a result, something was known about the evolving major ion chemical 
character of the waters. Geological investigations of the basins have also 
been completed by Karrow (1967) and Westgate (1983), 

Due to its rural setting and predominantly, though not exclusively agricul- 
tural land use, the basin proved particularly suitable for investigating con- 
tamination by organic and inorganic fertilizers and road de-icing chemicals. 
The basins are located to the north and east of Metropolitan Toronto as shown 
in Figure 2.1. 

2.2.2 East Metropolitan Toronto 

The eastern part of Metropolitan Toronto (Figure 2.2) was chosen to inves- 
tigate non-point contamination from urban sources and road de-icing chemi- 
cals. Sediment augering and interstitial pore water sampling was conducted 
along a 10 km length of the Don Valley Parkway from Bloor Avenue in the south, 
to Eglington Avenue in the north. Comprehensive sampling of spring waters was 
also undertaken along the Scarborough Bluffs adjacent to lake Ontario. 

2.2.3 Brantford 

Because of the difficulty in obtaining access to suitable agricultural land in 
the Duffins Creek-Rouge River drainage basins, part of the study was carried 
out on agricultural land located 2.5km east of the city of Brantford (Figure 
2.3). The Brantford site was chosen because access was easy and the agricul- 
tural practices of the farmers at this location were well known by the inves- 
tigators. The area is part of the Erie drainage system and belongs to the 
Grand River drainage basin. 
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FIGURE 2,1 Map showing the location of the Duff ins Creek- 
Rouge River basins Study area (Howard and Beck, 1986) 
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FIGURE 2.2 Location map showing east Metropolitan Toronto 
Study area 
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FIGURE 2.3 Location map showing Brantford area 



2.3 Land Use 

2.3.1 Duff ins Creek-Rouge River Basins 

In the Duffins Creek-Rouge River Basins, land use 1s predominantly agricul- 
tural or abandoned agricultural (MacLaren, 1979). The transition to residen- 
tial and industrial Is one of the most significant factors affecting 
groundwater supplies and usage. A study completed in 1979 by HacLaren Consult- 
ants indicated that industrial and residential land use in the basins had In- 
creased in the range 4 to 9 per cent. Present urbanization centres Include 
Pickering and Ajax in the Duffins Creek basin, and the northern and eastern 
edges of Metropolitan Toronto, Richmond Hill, Markham and UnlonviUe in the 
Rouge River basin (Figure 2.4). 

2.3.2 East Metropolitan Toronto 

The East Metropolitan Toronto site contains the Don River which drains into 
Lake Ontario. Land use in this portion of the Don Valley Is densely urbanized 
commercial and residential (approximately 45X) with about 13 % of the land 
used for industrial purposes (MacLaren, 1979). As shown in Figure 2.5, a 
sewage treatment plant, a snow dump site, and a small industrial area are lo- 
cated within the confines of the study area. In addition to this, the Don Val- 
ley Parkway, a major north-south urban highway parallels the Don River and is 
noted for its high traffic volume. 

The Scarborough Bluffs also represent a heavily urbanized area, but are 
predominantly residential with little industrial activity. While parts of the 
Bluffs are noted for their picturesque parkland, in most cases the urban 
development extends to the very edge of the bluff top. 



2.3.3 Brantford 

Land use in the area east of Brantford Is almost exclusively agricultural with 
pockets of residential areas (Figure 2.6) located near railways and along 
major highways. Industrial encroachment from Ancaster and Hamilton has only 
begun within the last five years. 



2.4 Study Area Geology 

The geology of the Duffins Creek-Rouge River basins and the Toronto area con- 
sists of Paleozoic bedrock overlain by Pleistocene glacial sediments. 

Throughout the region, the bedrock comprises Cambrian-Ordovlcian marine sedi- 
ments (shales and limestones) belonging to the Whitby and Georgian Bay Forma- 
tions. The Whitby Formation, which disconformably overlies the Lindsay Forma- 
tion, was deposited in a shallow marine environment and varies in thickness 
from 79.3 to 83.4 m. It is overlain by grey shales and interbedded limestones 
of the Georgian Bay Formation which was deposited in a shallow water marine 
environment. Thicknesses range from 133m to 250 m (Beck, 1985). 
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Figure 2.4 Land use map for Duff ins Creek-Rouge River basins 
(Howard and Beck, 1986) 
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FIGURE 2,6 Land use map for the Brantford area 



Most of the Important aquifers are developed within the overlying Pleistocene 
sediments. Table 2.1 outlines the Pleistocene stratigraphy for the Duffins 
Creek-Rouge River basin and Toronto area based on the work of Karrow (1967) 
and Eyles (1982), and Eyles and Eyles (1983). 



Table 2.1 Geological Formations and Events* 



Stage 
Recent 



Formation or Event 



Lithology 



Lake Ontario beaches 

Alluvium 

Swamp, bog deposits 

Stream terrace deposits 



Beach, sand, gravel 
Clay, silt, sand, gravel 
Har1 , muck, peat 
Clay, sand, gravel 



Late 
Wisconsinan 



Lake Iroquois 

Early peripheral lakes 

Halton Tin 

Lake, stream deposits 

Meadowcliffe 

Lake, stream deposits 

Seminary 



Clay, sand, gravel 
Clay, sand 

Silty sand diamict 
Varved clay, sand 
Silty clay diamict 
Varved clay, sand 
Clayey sand diamict 



Middle 
Wisconsinan 


Thorncliffe Formation 


Varved clay, sand 


Early 
Wisconsinan 


Sunnybrook Diamict 
Scarborough Formation 


Silty, clay diamict 
Clay, silt, sand, wood 


Sangamonian 


Don Formation 


CI ay, sand, wood 



Illinoian 



York Till 



Clayey, sand diamict 



« after Karrow (1967), Beck (1985) 



The Pleistocene sediments are the product of two major glacial episodes. The 
older glacial episode is dated as Illinoian. Evidence of this glaciation comes 
from the York Till which is believed to have been deposited during Illinoian 
age by ice moving from the northeast. Following the Illinoian glacial episode, 
the Don Formation (a stratified clay and sand) was deposited during the San- 
gamonian interglacial period approximately 125,000 years B.P. (Beck, 1985). 

The second glacial episode known as the Wisconsinan began at least 60,000 
years B.P.. The beginning of the glacial episode is evidenced by the lower 
lacustrine silt and clay unit of the Scarborough Formation which is believed 
to represent a prodelta deposit. This unit grades upward into a fine to coarse 
grained sand with organic rich laminae and well developed planar and cross 
stratification. These Scarborough Formation sands are thought to represent a 
prograding delta deposit. 



The Scarborough Formation is overlain by the Sunnybrook diamict which is a 
poorly sorted silty clay with pebble-sized clasts. In the basal portion of the 
Sunnybrook diamict the clasts are boulder-sized and are more abundant. Ini- 
tially, the Sunnybrook was classified as a sub-glacial Ice-laid deposit, i.e. 
a "till". However, based on the sedimentological and micropalaeontological 
characteristics of the Sunnybrook Formation, Eyles and Eyles (1983) have 
proposed a glaciolacustrine origin for this unit. EyTes and Eyles have sug- 
gested that the Sunnybrook 1s a diamict deposited below floating ice (glacier 
Ice ramps, shelves, bergs, lake ice) In a large lacustrine basin which ex- 
perienced a large Influx of fine-grained suspended sediment. This interpreta- 
tion was also proposed for two other "tnis" in the Quaternary succession, the 
Seminary and Headowcliffe. The presence of undiversif ied lacustrine ostracode 
fauna (for example, Candona cf. C. subtriangulata) which are In-situ also sug- 
gests that the depositional environment was a large, deep and cold lake 
(Westgate et al., 1987 in press). 

Overlying the Sunnybrook diamict is the Thorncliffe Formation which is com- 
prised of fine grained sands, silts and clays. Eyles and Eyles (1983) have 
suggested that the Thorncliffe represents basinward delta growth over the Sun- 
nybrook diamict and interbedded with the Seminary and Meadowcliffe diamicts. 
While Karrow (1967), asserts that the Seminary and Meadowcliffe diamicts rep- 
resent tills from minor glacial ice advances during the Middle Wisconsinan, 
the Eyles group believes that they more likely represent glaciolacustrine 
sediments, similar to the Sunnybrook diamict. The Seminary diamict ranges in 
composition from silty clay to stratified sand while the thicker Meadowcliffe 
unit consists of silty clays. These diamicts are overlain by the Halton Till 
which is an extremely variable silty sand. 

During the later part of the Wisconsinan glaciatlon, the ice sheet split into 
two lobes. One lobe retreated southward towards Lake Ontario depositing thick 
sequences of sands and gravels known as the Oak Ridges Moraine. This moraine 
extends 160 km from King City along the northern part of the Duffins Creek- 
Rouge River drainage basins study area to Rice Lake. The northern lobe 
retreated into the Lake Simcoe area (Sibul et al., 1977). 

As the ice sheet gradually melted, stratified silts and clays were deposited 
in the centre of the basin where extensive shallow lakes formed. These 
lacustrine deposits are sometimes associated with gravel beds 1-2m thick 
(Beck, 1985; Sibul et al. 1977). 



3. PREVIOUS HYDROCHEMICAL INVESTIGATIONS 



3.1 Introduction 

Although groundwater hydrochemistry Is a relatively new area of hydrogeologl- 
cal research, two hydrochemical studies (Sibul et al., 1977; and Beck, 1985) 
have been conducted previously In the project area. In addition, there have 
been numerous studies by other Investigators that have a direct relevance to 
the current research problem. All this material deserves careful attention. 
Section 3.2 reviews the work of Sibul et al, (1977) and Beck (1985) conducted 
In the Duffins Creek- Rouge River drainage basins. The subsequent section 
(3.3) summarizes previous hydrochemical investigations of groundwater con- 
tamination resulting from such sources as road de-icing chemicals, inorganic 
fertilizers, urban development, and landfill sites. 

3.2 Hydrochemical Investigations of Groundwater in the Duffins 

Creek - Rouge River Basins. 

As indicated in Section 2, an important consideration in the selection of the 
the Duffins Creek-Rouge River basin study area was the aval labi 1 ity of 
baseline studies by previous researchers. In the first study, Sibul et al . 
(1977) defined 14 aquifer systems in the overburden sediments of the basins, 
primarily on the basis of borehole records. This study also showed that 30X of 
groundwaters in the basin contained total dissolved solids (TDS) in excess of 
the 500 mg/L 1 imit as recommended by the Ministry of the Environment 
guidelines (MOE, 1984). The authors suggested that the high concentrations of 
total dissolved solids were the result of contamination, and speculated that a 
wide range of pollutants may have been responsible. They did recognise that 
most of the overburden groundwaters could be classified as calcium-bicarbonate 
waters (Figure 3.1) and contrasted in character to the deeper bedrock 
groundwaters of the area which were described as either sodium bicarbonate or 
salty and/or sulphurous in type. With their limited chemical data, the authors 
of the study were unable to provide a more rigorous hydrochemical interpreta- 
tion. 

Detailed follow-up work by Beck (1985) was able to determine the behaviour of 
the aquifer systems in a regional context. Using major and minor ion 
hydrochemical parameters. Beck showed that the aquifer systems previously 
defined by Sibul et al. (1977) did not behave as Individual discrete aquifer 
units but were part of a regional composite groundwater flow system. He showed 
that the individual aquifer systems could not be distinguished on the basis of 
their hydrochemical character, but that the groundwaters displayed regional 
hydrochemical variations that were the product of natural chemical evolution 
of the groundwaters on a basin wide scale. 

Beck's interpretation was based on a chemical classification scheme shown in 
Table 3.1 which Identified 3 major water types and 10 subtypes. This clas- 
sification scheme was reorganized by Howard and Beck (1986) and is shown 
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Figure 3.1 Major ion chemistry of groundwaters in the 

Duffins Creek-Rouge River basins (Sibul et al. , 
1977) 



alongside the original classification in Table 3.1. Essentially, the scheme 
recognises the transition shown in Figure 3.2 from Ca-HC03 dominated recharge 
waters (Type 1A) to Na(+K)-HC03 dominated waters (Type 4A). This chemical 

Table 3.1 General Characteristics of Major Water Types In Duff 1ns Creek-Rouge 
River Basins 



Niter Type 



Descriptioa 



PiriMter 



Origin&l 
hii (19SS) 


lev Scheie 
Hovard ( Beck 
{tW) 


Ca 
epi \ 


Ha 
epi t 


CI 

ig/L 


103 
i9/l 


C1/IIQ3 


I 
B3/L 


F 

BJ/L 


UHCONTAtllllATEI) 

u u 


Dechirge vaters 


HO 


( 10 


( 5 


< 10 


_— 


( 5 


< 250 


m 


2A 


Iiiature ion exchange 


( eo 
< zs 


> 10 


t 10 


( 10 


— 


( 10 


115-300 


m 




Noaerately uture ion 
exctiange 


< 50 
( 50 


>2S 


( IS 


< 10 


— 


<20 


2SD-350 


lu 


4A 


Mature ion excnan^e 


( 35 


>S0 


t 15 


( 10 


— 


) IS 


) 2S0 



CCHTAXUATEC 
IS 



CliloriQe enricrufl 



m 



M ilitraie esnched 



18, 2B 1,2.3.411 Xiiraie/Chlorice 
esncAed 



MO < 25 > 40 { !Q > 25 < 10 < 150 



> 40 < 50 — > 10 ( 0.5 ( 10 ( 200 



BEORCCi: 
3A B*1* Sodim bicarbonate 



< 30 > 50 ) 50 — 



} 20 > 25 > 250 
^50 (50 



31 8-2' Calciui colontle 
• new designation not published in Howard and Beck (1986) 



behaviour 1s a natural chemical evolutionary process in which calcium ex- 
changes with adsorbed sodium as the groundwaters move through the aquifer sys- 
tem. Local ly, this chemical transition Is masked by contamination which 
elevates the concentrations of chloride, nitrate and their counter cations. 
Beck concluded that as many as 35 percent of groundwater samples collected 
during the study were contaminated in this way. Groundwater Types 1B1 and 1B2, 
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subsequently reclassified as Type IS and IN by Howard and Beck (1986) (Table 
3.1) represent waters characterized by elevated chloride and nitrate con- 
centrations respectively (Beck, 1985). As seen in Figure 3.2, these waters are 
essentially Type 1A Ca-HCOa recharge waters which have been displaced from the 
Type 1A field as chloride and nitrate ions compete with bicarbonate as the 
dominant anion. Beck (1985) proposed that the high chloride and nitrate con- 
centrations of the IS and IN groundwaters were due to contamination from un- 
natural sources such as road de-icing chemicals and fertilizers respectively, 
but he was unable to confirm the sources of enrichment. 

Many groundwaters In the study area were found to contain elevated concentra- 
tions of both chloride and nitrate. These waters were initially classified by 
Beck as Types IB and 2B to Indicate that the sources were unknown or undif- 
ferentiated. In the new scheme these waters were reclassified 1U through 4U. 

Two types of bedrock waters (3A and 3B) were also identified by Beck (1985). 
Type 3A bedrock waters (reclassified as B-1) are sodium bicarbonate waters 
with chloride concentrations greater than 50 mg/L, while Type 3B bedrock 
waters (reclassified as B-2) are calcium chloride waters (Table 3.1). Beck 
showed that these chloride enriched waters were also enriched in iodide, a 
chemical characteristic not observed in recharge waters contaminated by road 
salts. This drew attention to the possible use of Iodide as a possible In- 
dicator of chloride origin. 



3.3 Research on Contaminant Sources 

3.3. 1 Introduction 

Studies in southern Ontario by Beck (1985); Hill (1982); Gillham and Webber 
(1969), have indicated that a wide range of contaminant sources may be respon- 
sible for elevated chloride and nitrate concentrations In groundwaters. These 
sources include organic fertilizers and manure piles (Gillham and Webber, 
1969; Mink et al., 1975), inorganic fertilizers (Hill, 1982; Zaporozec, 1983; 
Poinke and Urban, 1985; Saffina and Keeney, 1977), road de-icing chemicals 
(Toler and Pollock, 1974; Paine, 1979; Kelsey and Hootman, 1985), urbanization 
(Elsen and Anderson, 1979; Ritter and Chirnside, 1984) and landfill leachates. 
A review of the relevant literature as presented below can provide a valuable 
insight into the nature and chemical character of many of these potential 
chloride sources. 

3.3.2 Road de-icing chemicals 

3.3.2.1 Introduction 

In Canada and the northern states of the U.S., a major potential source of 
chloride enrichment in groundwater is the application of road de-icing chemi- 
cals to highways and roads during the winter months. When road de-icing 
chemicals are spread on a snowy road surface, the salts dissociate Into ions. 
The result Is a solution which has a freezing point considerably below 0°C, 
the freezing point of pure water. During its melting action, the solution be- 
comes increasingly dilute; eventually melting ceases. The factors which in- 
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FIGURE 3.2 Hydrochemical classification of groundwaters in the 

Duffins Creek-Rouge River basins (Howard and BecK, 1986) 



fluence melting are 1) air and pavement temperature; 2) traffic; 3) amount of 
solar radiation; 4) humidity; 5) wind; 6) type of road surface; and 7) topog- 
raphy (Hanley, 1979). Road de-icing chemicals are most effectively utilised 
before a snowstorm to create a thin layer of salt solution which discourages 
or weakens bonding between the snow and the road. This prevents compaction of 
the snow and ice and facilitates its removal by snow ploughing (Hanley, 1979), 

3.3.2.2 Types of chemical road de-1c1ng chemicals 

Road de-icing chemicals take several forms and are applied in many different 
ways. The two types of de-icing chemicals which are preferred for use on On- 
tario roads are sodium chloride and calcium chloride (Table 3.2). These chemi- 
cals may be used in a pure chemical form but are also used In conjunction with 
abrasives such as sand. In the Municipality of Metropolitan Toronto, the Works 
Dept. applies pure sodium chloride to main urban roads, while sodium chloride 
or mixtures of sand and (5 percent) sodium chloride are used on side streets. 
Mixtures of 5 percent sodium chloride and sand are also used on gravel roads 
as pure sodium chloride tends to cause potholing of the road surface during a 
thaw (Beck, 1985), 

Table 3.2 Common Types of Road De-icing Chemical 



Type Formula Description 



SODIUM CHLORIDE NaCl - is the most commonly used chemical 

de-icer 

- translucent, clear, granular form 

- effective at temperatures 

above -18<»C 

- below -12®C it is no longer cost 

effective 

CALCIUM CHLORIDE CaClz - opaque, white, used In pellet form 

- most effective at temperatures 

between -12<'C and -34oc 



Calcium chloride is not as frequently used as sodium chloride because it two 
to four times more expensive and makes the road surface slippery when wet 
(Hanley, 1979). Municipalities such as Ajax have used a mixture of sand and 
calcium chloride with success, finding that 50 percent less salt is required 
and that the melting action of the salt is increased to temperatures below 
-20OC CFabricius and Whyte, 1980). 

3.3.2.3 Chemical behaviour of road salt in the unsaturated zone 

Very little is known about the behaviour and fate of de-1c1ng chemicals ap- 
plied to roads and highways. Williams and DeGroot (1977) estimated that for 
1975-76, 1.5 X 10^ tons of road salt in the form of sodium chloride, calcium 

11 



chloride, or mixtures of these chemicals with abrasives were applied to On- 
tario roads and highways. During a single winter snowstorm in southern Ontario 
in 1987 an estimated 2200 kg of road de-icing chemicals were applied to the 
roads of Metropolitan Toronto. A study of the Don River in 1979 by Paine indi- 
cated that only 50% of chloride applied in the form of road de-icing salts Is 
flushed from the catchment on an annual basis suggesting that the remainder 
enters the soil and groundwater. 

Several hydrogeologlcal Investigations (e.g. Toler and Pollock, 1974; M.O.E., 
1979) have determined that road de-icing chemicals are responsible for the 
contamination of groundwater. Studies by Toler and Pollock (1974) In 
Chelmsford, Massachusetts have shown that road de-icing chemicals applied to 
highways accumulate In the unsaturated zone until they reach a stable quasl- 
equilibrium concentration. This Is in contrast to their effect on groundwater, 
where a positive correlation was found between concentrations of chloride In 
the groundwater and the amount of road salt applied each year. 

In Canada, several studies have demonstrated that road de-icing chemicals may 
be causing severe environmental Impact, and involve the degradation of 
groundwater quality. However, most of these studies have focused on point 
source contamination such as salt storage piles and snow dump sites. For ex- 
ample, Scott (1980) demonstrated that soil adjacent to snow dump sites in 
Metropolitan Toronto is accumulating sodium, chloride, and lead. Surface 
runoff from' such sites contained chloride and sodium concentrations as high as 
1970 mg/L and 1200 mg/L respectively. No other chemical parameters were inves- 
tigated. 

3.3.3 Sources of nitrate contamination 

3.3.3.1 Introduction 

Sources of nitrate contamination are both natural and man-made. Natural 
sources include organic nitrogen originating from the decay of organic 
detritus. Under aerobic conditions, such as caused by deep ploughing of the 
soil, this nitrogen is quickly converted to its highly mobile nitrate (NOa") 
form and leached by recharging groundwaters. Unnatural sources include acid 
precipitation and septic tank sewage; however, the most common form of nitrate 
pollution of groundwater 1s the application of organic and inorganic fer- 
tilizers. 

3.3.3.2 Inorganic fertilizers 

During their growth, plants such as corn, tobacco, soybean and vegetables, ab- 
sorb a large number of macro- and micro- nutrients from the soil and intersti- 
tial pore waters. To maintain high production yields, these nutrients which 
i nc 1 ude phosphorous , n i t rogen , potassi um , cal c i um , boron , copper , 1 ron , and 
manganese (Webber, 1982), can be replaced by the regular application of inor- 
ganic and organic fertilizers. On modern farms, inorganic chemically manufac- 
tured fertilizers account for over 95X of the total fertilizer consumption 
(Pratt, 1965). 
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Each year in Ontario, approximately 815,000 tonnes of inorganic fertilizer 
are applied by farmers to agricultural land (Webber, 1982). There are many 
different types of inorganic fertilizers available and the type chosen is dic- 
tated by soil characteristics, type of crop to be grown, and the method of 
crop management to be Implemented (Webber, 1982), Fertilizers are classified 
according to three primary soil macronutrients: phosphorous, nitrogen, and 
potassium. A brief description of each type Is sunnarized In Table 3.3. 



Table 3.3 Inorganic Fertilizer Materials 



Type 
NITROGEN 



Name 



Description 



Anhydrous Ammonia (NHs), 82X N 
Aqua ammonia (NH3.H2O), 20X N 

Nitrogen solutions 28 - 4U N 



Urea (C0(NH2)2). 46X N 
Ammonium nitrate (NH4NO3) 



a colorless, inflammable gas 
ammonia dissolved in water, 
kept under low pressure 
28 to 32X N materials made 
by dissolving urea and 
ammonium nitrate in water 
41X N solution contains urea 
ammonium nitrate, ammonia 
white, prilled, usually 
plowed into soil 
white, prilled, half of N 
in ammonium form, half in 
nitrate form 



PHOSPHOROUS Ordinary superphosphate 



POTASH 



Concentrated or triple 
phosphate 



Ammonium phosphates 



Potassium chloride (KCl) 
60% K2O or SOX K 
Potassium sulfate (K2SO4) 
SOX K2O or 41X K 



- consists of 18 - 20 X PzOs 
or 8.7X P 

- made by treatment of rock 
phosphate with sulphuric 
acid 

- contains 48X calcium sulfate 

- consists of 44 - 46X P2O5 or 
20. IX P 

- made by treatment of rock 
phosphate with phosphoric 
acid 

- produced by ammoniation of 
phosphoric acid 

- most common K fertilizer 

- used for crops in which 
quality Is adversely 
affected by chloride 
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figure 3.3 The nitrogen cycle (Freeze and Cherry, 1979) 
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Figure 3.U The pathway of nitrogen fertilizer in the 
iinsaturated zone (Zaporozec, 1983) 



3.3.3.3 Organic fertilizers 

With more than 90 mnUon farm animals and poultry in southern Ontario, it is 
estimated that about 34 million metric tons of manure are produced each year 
(Webber, 1982). Organic fertilizers are used in two forms; 1) as liquids or 2) 
as semi-solids with bedding materials. In Ontario, livestock manure is usually 
handled as a semi-solid with bedding, while hog and poultry manure is in liq- 
uid or slurry form. Bedding material is commonly cereal straw, wood shavings, 
or sawdust. Solid manure may be stored in the open, or covered in the feedlot 
or pen. Liquid manure may be placed in anaerobic storage to allow anaerobic 
and facultative bacteria to convert organic solids to liquids and gases. 
Storage may also be under aerobic conditions allowing the liquid manures to 
biodegrade in the presence of dissolved oxygen (Webber, 1982). 

In addition to livestock manure, sewage sludge may also be used as a soil fer- 
tilizer. Raw sewage from septic tanks and municipal areas was once frequently 
spread on agricultural land In Canada and the United States. However, this 
practice was discontinued due to the potential health dangers from the raw 
material. Instead, sewage sludge which is digested, and dried sewage solids 
are often used today (Webber, 1982). 

3.3.3.4 Chemical behaviour of fertilizers in the unsaturated zone 

To determine whether chloride enrichment in groundwaters is the result of con- 
tamination by fertilizer materials, it is important to understand the chemical 
behaviour of fertilizers in the unsaturated zone. Since fertilizers are ap- 
plied annually, it would be expected that many of the fertilizer constituents 
would migrate through the unsaturated zone into groundwater. However, while 
some studies show that specific constituents can leach through the subsurface, 
there are indications that other constituents may have restricted mobility for 
various physio-chemical reasons. 

The major component of appl led Inorganic ferti 1 izers is nitrogen. When 
nitrogen is added to the soil, the processes of ammoniflcation and nitrifica- 
tion occur as shown in Figure 3.4. Depending on the amount of fertilizer ap- 
plied, only a certain portion of the nitrogen is recovered by the growing 
crops, while the remaining nitrate leaches through the unsaturated zone. The 
rate of leaching is determined In part by soil properties, the climate and the 
application rates of fertilizer and irrigation water. Because of Its anionic 
form and the lack of solubility constraints, nitrate is very mobile in 
groundwater. Nitrate is not a thermodynamically stable form of nitrogen, and 
may be reduced by the process of denitrif ication to NzO or Na. This process 
can occur if there are sufficient quantities of organic matter and denitrify- 
ing bacteria present (Freeze and Cherry, 1979) and has been used to explain 
low nitrate concentrations in the deeper part of an aquifer underlying 
cropland (Gillham and Cherry, 1978). 

It is well known that the other primary constituents of fertilizer, phos- 
phorous and potassium, are both relatively immobile In the subsurface. In the 
case of potassium, this is due to the ions' ability to undergo cation exchange 
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(Freeze and Cherry, 1979). Phosphorous in the form of H2PO4 and HPO4 ions is 
strongly adsorbed to soils (Brady, 1974) primarily by anion adsorption reac- 
tions on sesquloxide surfaces (Hingston et a1., 1967; Sawhney and Hill, 1975). 
A study by Wiklander (1976) determined that phosphate anions had the greatest 
adsorptivity according to the order HPO4 > H2PO4 > SO4 > NO3 = CI. This study 
also noted that with phosphate adsorption, cations such as K, Hg, and Ca were 
retained, indicating that the cation exchange capacity of the soil increases 
with phosphate adsorption. Phosphate Ions also undergo several precipitation 
reactions (Johnson and Cole, 1980). The most important of these reactions is 
precipitation by soluble iron, aluminum, and manganese Ions. As a consequence 
of these processes, phosphate tends to be an extremely Immobile anion in 
soils. 

The fate of many of the trace constituents or mlcronutrients of inorganic fer- 
tilizers in the unsaturated zone remains largely uninvestigated. Most studies 
have focused on the accumulation of specific trace constituents of fertilizers 
such as zinc (Brown et al., 1964), iron, manganese and copper (Follet and 
Lindsay, 1971) In soils and in crops grown on these soils. For example, much 
work has been conducted on the accumulation of cadmium resulting from the ap- 
plication of phosphate fertilizers to cropland. Studies conducted by Williams 
and David (1976) found that phosphate fertilizers contain appreciable amounts 
of cadmium and zinc of which only a small amount is utilized by growing 
plants. Despite the small amounts of cadmium used by plants, most of the 
remaining cadmium and zinc was found to be relatively immobile in the un- 
saturated zone. At least 85% of fertilizer cadmium was retained in the cul- 
tivated layers of the soil with at least 80X of the accumulated cadmium ex- 
changeable with ammonium ions. Mortvedt and Osborn (1982) determined that Cd 
1s present in triple superphosphate and di ammonium phosphate as Cd(H2P04)2 
and/or CdHP04 . Further work is required to determine the fate of other trace 
constituents in fertilizers. 

Considerable research has been conducted Into the accumulation, movement, and 
distribution of the heavy metal fraction of sewage sludge, which is applied as 
a fertilizer, in the soil profile (Williams et al . , 1980; Andersson and 
Nilsson, 1972). The study by Williams et al. (1980) involved the application 
of up to 225 metric tons/ha of sewage sludge to field plots. It showed that 
regular, annual applications of sludge tends to increase the trace metal soil 
concentrations of Pb, Cu, Cd, Cr, Fe, and Zn, while concentrations of Mn, Ni, 
and Co were not affected. It was also shown that the accumulation of trace 
metals was limited to thedepth of tillage. This is partly because the metals 
exist in a relatively Immobile form in the sludge and also because there are 
many materials present in soils which are capable of Immobilizing heavy metals 
Including clays, hydrous oxides of iron and manganese, carbonates, organic 
matter, fulvlc and humic acids, and inorganic chemical compounds. Zinc adsorp- 
tion was found to be related to the clay content and the presence of organic 
matter, while copper adsorption was found to be closely associated with the 
humic acid fraction of the soil and strongly complexed (Williams et al., 
1980). 



3.3.3.5 Nitrate contamination of groundwater - Case Studies 

There are many examples in which nitrate contamination of groundwater has been 
associated with agricultural activities (e.g. Zaporozec. 1983; Gustafson, 
1983; Poinke and Urban, 1985; Saffigna and Keeney, 1977). Other than chloride, 
which appears in moderately enhanced concentrations, few other fertilizer 
macro-nutrients (such as phosphate and potassium) are normally observed in 
anomalous concentrations beneath agricultural lands. While in part, this may 
be explained by chemical adsorbance of phosphate and potassium by clay 
minerals, it is also possible that fertilizers are not always the primary 
source of the nitrate contamination. 

Researchers investigating the problem of groundwater quality degradation 
beneath cropland have attempted to use ions other than CI and NO3 as in- 
dicators of fertilizer contamination without much success. Other ions con- 
sidered include the cations, Na, Mg, Ca, and K whose value as diagnostic 
source indicators is inhibited by their tendency to be sorbed by soil colloids 
(Poinke and Urban, 1985). However, the ratios NOa-N/Na and NO3-N/CI have been 
used with limited success by Wagner et al.(l976); and Saffigna and Keeney 
(1977). Saffigna and Keeney (1977), for example, determined that a value of 
4.0 for the concentration ratio NO3-N/CI represents overapplication of K, N, P 
fertilizer as compared to a baseline of 0.8 to 2.5 representing normal en- 
vironmental* conditions. 

Although considerable research on nitrate contamination of groundwater is now 
being conducted, very little data generally exist for Canada, and, in par- 
ticular for south-central Ontario where intensive agricultural practices are 
carried out. Two studies in the north-eastern United States and one in On- 
tario, bear some important implications for this study. 

Results of a seven year groundwater study undertaken in the community of 
Twelve Pines, Long Island, New York has shown that a significant increase in 
the concentration of nitrate from an average of 0.06 mg/L (N) in 1972 to 1.4 
mg/L (N) in 1979 has occurred. Prior to 1970 the study area was uninhabited 
but by 1978, the population was 1700 and the average fertilizer application 
rate was 107 kg/km2/yr representing an annual load of 3870 kg of N (Flipse et 
al., 1984). Flipse et al. considered several nitrogen sources including fer- 
tilizers, precipitation, irrigation water, animal wastes, and subsurface 
migration from upgradient areas. However, on the basis of the nitrate - 
nitrogen ratio ^5^/14^ they concluded that the source of the nitrate was lawn 
fertilizer rather than human or animal wastes. Although the Twelve Pines study 
considered only a small number of chemical parameters (total ammonium, organic 
nitrogen, nitrate) and nitrate-nitrogen isotopes, it has important implica- 
tions for this study. The Twelve Pines area obtains groundwater supplies from 
medium to coarse grained glacial sand and gravels (where the water table 1s 
approximately 12 m below surface) similar to glacial sediments in south- 
central Ontario, and demonstrates 1) the serious effects of fertilizer ap- 
plication over a short period of time and ii) the potential risks associated 
with domestic use of fertilizer. 
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In the central Ontario study, Hill (1982) determined that commercial nitrogen 
fertilizer is a major source of nitrate in the groundwater of the Alliston 
area. Elevated concentrations of nitrate-nitrogen (> 10 mg/L NO3-N) were 
measured in groundwaters under potato fields heavily fertilized with KCl and 
ammonium nitrate, while groundwater beneath pastureland and forest contained 
less than 1 mg/L. A positive correlation (r=0.76) was found between the 
average rate of fertilizer application and the concentration NO3-N in 
groundwaters. This study suggests a potential Indicator In the form of 
CI/NO3-N ratio for groundwaters contaminated by inorganic fertilizers contain- 
ing KCl. These waters had Cl/NOa-N ratios between 1:1 and 2.5:1. 

3.3.4 Urban Development 

3.3.4.1 Introduction 

The land surrounding Metropolitan Toronto including the land in the Duffins 
Creek-Rouge River basins is undergoing rapid urbanization. Since many of these 
areas currently obtain potable water supplies from shallow aquifer systems in 
glacial sediments, the potential effects of urbanization on groundwater 
quality represents an important concern. 

3.3.4.2 Previous Investigations 

Most studies investigating the effects of urbanization on water quality have 
been concerned with the potential impact on surface water quality rather than 
on groundwater quality. One exception is a study conducted in the Menomonee 
River Watershed near Milwaukee, Wisconsin by Eisen and Anderson, 1979. The 
Menomonee River Watershed is characterized by a heavily urbanized southern 
half, which includes Milwaukee, while the northern half of the watershed is 
suburban to rural. There are two aquifer systems in the watershed; an upper 
aquifer system consisting of sand and gravel aquifers within glacial drift 
(thickness varies from 15 m to 80 m) and a lower bedrock aquifer system con- 
sisting of two confined aquifers. Data from this study show that elevated 
concentrations of ammonium, sulphate and chloride are the main products of ur- 
banization. (Groundwater in the Wisconsin-Lake Michigan Basin is calcium 
bicarbonate dominated). This trend of elevated chloride and sulphate con- 
centrations in groundwater as a result of urbanization has been noted by 
several other researchers (for example. Long and Saleem, 1974). Eisen and An- 
derson (1979) attributed some of the elevated chloride to infiltration of road 
salt based on the proximity of sampling sites to major highways. The remainder 
of the chloride, the elevated sulphate and ammonium concentrations, and the 
presence of fecal coliform and fecal strep bacteria, suggested that the source 
of the contaminants was sewage from leaky sewer lines and/or infiltrating pol- 
luted river water. Eisen and Anderson (1979) found that heavy metals such as 
zinc, copper and cadmium were at or below detection limits while phosphate and 
nitrate concentrations were generally below 0.02 mg/L and 0.015 mg/L respec- 
tively. 
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3.3.5 Landfill leachates 

3.3.5.1 Introduction 

Considerable concern has been expressed over contamination of groundwater from 
municipal landfill sites, particularly those older sites which were installed 
with little consideration for monitoring and leachate control. Leachate refers 
to the liquid generated by a landfill, usually as a result of Infiltrating 
water, including groundwater, Interacting with the decomposing waste. Fre- 
quently, the leachate contains suspended matter, pathogens and very high con- 
centrations of dissolved chemicals. It only becomes a concern when it migrates 
from the landfill, usually by sub-surface flow, where it can cause serious 
degradation of groundwater quality (Freeze and Cherry, 1979). 

Ideally, it should be possible to distinguish groundwater contamination by 
leachate migration from the many other contaminant sources. However, studies 
Indicate that this is an extremely difficult problem (e.g. Qaslm and Bur- 
chinal, 1970), primarily because landfill leachates have a highly variable 
chemical composition. In a study of 123 landfill leachates, Clark and Pisken 
(1976) (Table 3.4) determined that the metals boron, zinc, copper, and iron 
were present In variable but considerably elevated concentrations relative to 

Table 3.4 Concentrations of inorganic constituents in landfill 
'leachates from Illinois landfill sites* 



Parameter 



Concentration Range (mg/L) 



Arsenic 

Barium 

Boron 

Cadmium 

Calcium 

Chloride 

Chromium 

Copper 

Fluoride 

Iron 

Lead 

Magnesium 

Manganese 

Nickel 

Nitrate 

Phosphate 

Potassium 

Selenium 

Sodium 

Sulphate 

Zinc 



0.000 


- 


40 


0.2 


- 


9.0 


0.42 


- 


70 


0.00 


- 


1.16 


23 


- 


3050 


31 


- 


4350 


0.00 


- 


22.5 


0.00 


- 


1100 


0.1 


- 


1.3 


0.9 


- 


42000 


0.00 


- 


6.6 


12 


- 


1102 


0.00 


- 


- 


0.0 


- 


1.7 


0.0 


- 


1.8 


0.00 


- 


52 


2 


NO 


1920 


15 


- 


8000 





- 


84000 


0.0 


- 


250 



» after Clark and Pisken (1976); NO = not detected 



other trace constituents analyzed. However, as shown in the table, these 
parameters are highly variable, and may have limited diagnostic use. 

The search for diagnostic indicators of groundwater contamination by landfill 
leachate Is seriously complicated by the chemical modification it undergoes 
during sub-surface migration. Only chloride Is transported with minimal al- 
teration, a reason this ion is frequently used to map the extent of a leachate 
plume. The remaining chemical constituents are modified to varying extents 
during leachate movement, a subject which has been studied by several workers 
(e.g. Cherry et al., 1985 and Korte et al., 1976). Korte et al. conducted ex- 
periments with a natural leachate which was added to soil columns containing a 
wide range of different soil types. Concentrations of Cu, Pb, Be, Zn, Cd, N1, 
Hg, Se, V, As, and Cr were measured. It was found that copper, beryllium and 
lead were the least mobile. Selenium, vanadium, arsenic, zinc, cadmium, 
nickel, mercury and chromium had the greatest mobility in sandy soils but were 
strongly retarded in clayey soils. They concluded that the percent of clay in 
the soil was the single most important factor in predicting whether trace met- 
als will be transported during leachate migration. 

3.3.6 Review 

Considerable research has been conducted on many potential contaminants of 
groundwaters. Since much of the work involves intensive water quality monitor- 
ing, sometimes over a period of several years, emphasis tends to be placed on 
measuring only a few chemical parameters such as chloride, nitrate-nitrogen, 
ammonium, and phosphate. Very few hydrogeological investigations have focused 
on measuring trace constituents with the. intent of identifying potential 
chemical indicators of contamination. Instead, trace element research of 
chloride enriching contaminants, particularly fertilizers, has primarily con- 
sidered the effects of metals on soil quality and on plant uptake. 

The hydrogeological study described in this report has attempted to address 
this important issue through comprehensive multi-parameter inorganic chemical 
analysis of a wide range of potential contaminants, both in their raw states 
at source, and following sub-surface transport. In this way, it has been pos- 
sible to identify parameters which may be useful as diagnostic indicators of 
source origin. 
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4. DESCRIPTION OF HYDROCHEMICAL METHODOLOGY 
4.1. Introduction 

It 1s clear from the discussion and studies presented 1n Section 3, that the 
detection and identification of contaminant origins Is severely complicated by 
a number of factors. These range from the chemical changes the contaminants 
undergo as a result of rock-water Interaction to the effects of mixing with 
uncontaminated groundwater. The former processes can completely modify the 
chemical characteristics of the contaminants, the latter process can dilute 
the contaminants to barely detectable concentrations. 

Faced with these difficulties, a three phased approach was adopted. In the 
first phase, a regional multi-parameter hydrochemical study was conducted in 
order to determine the background major ion, minor ion and trace element 
characteristics of naturally evolving groundwaters . The second phase involved 
comprehensive chemical analysis of the potential source contaminants, and the 
third phase focused on the chemical characteristics of the contaminants in the 
shallow sub-surface. In addition to providing information on the chemical 
modification of the contaminants by rock-water interaction, the third phase 
also provided an indication of the degree to which contaminants are accumulat- 
ing in the shallow sub-surface. 

A description of all the analytical techniques is contained in Appendix I. 
Analytical results for the well waters, contaminants, interstitial waters and 
the sediments are listed in Appendices II, III, IV, and V respectively. Sec- 
tion 4.2 describes the collection and processing of well water, interstitial 
water and contaminant samples: Section 4.3 describes the quality control 
measures used in the present study. 



4.2 Description of Sample Survey 
4.2.1 Well Water Samples 

4.2.1.1 Introduction 

To determine background levels of anion, major cation and trace constituents 
in uncontaminated, naturally evolving groundwaters, domestic well waters were 
sampled from the Rouge River-Duff ins Creek drainage basins. A total of 107 
wells were sampled and the sample locations are shown in Figure 4.1. For ease 
of cross-reference, well identification numbers are identical to those used in 
a similar study by Beck (1985). Beck's study Involved a slightly larger number 
samples but his analysis was restricted to anions and major cations. 

4.2.1.2 Collection and Handling of Well Water Samples 

All the well water samples were collected from domestic wells, usually from an 
outside tap which bypassed filtering and/or water softening systems. Sampling 
priority was given to pumped and naturally flowing wells for which water well 
records were confidently known. To minimise the risk of contamination by the 
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FIGURE 4.1 Water well sample location map 



pump and well installation, sampling taps were run for an extended period of 
time prior to sample collection. In this way, water samples were obtained 
directly from the formation. The results of the trace metal analyses seem to 
indicate, that this endeavor was successful. 

Samples were collected in polyethylene sample bottles that had been washed and 
rinsed in a 10 per cent nitric acid bath, followed by 3 separate rinses with 
distilled water. The sample bottles were then stored filled to the brim with 
distilled water and sealed. The bottles were emptied immediately prior to use. 

During sample collection, the sample bottle was rinsed 3 times with well water 
to displace any distilled water remaining in the bottle. Two 250 mL samples 
were collected at each site; sampling techniques differed according to the 
type of analysis required. The sample for trace element analysis was im- 
mediately filtered and acidified in the field to preserve metals and metal- 
loids for trace constituent analysis. Filtering was achieved under pressure 
using a 30cc hand pump attached to a Sartorius polycarbonate f i Itering ap- 
paratus. To avoid the risk of contaminating samples during filtering, the 
0.45um cellulose acetate filter membranes were washed immediately prior to use 
with 0.1 % Ultrapure nitric acid and rinsed 3 times in double distilled 
water. The 250 ml sample for anion and major cation analysis received less 
rigorous attention. The sample was not filtered in the field unless particu- 
late matter' was obviously present. Otherwise the only precaution taken was to 
exclude all air from the sample bottle before sealing. Both samples were 
packed in ice for transportation to the laboratory. 

83 of the 107 well water samples were submitted for complete anion and major 
cation analysis 1n the University of Toronto Groundwater Research laboratory. 
Preference was given to pH and alkalinity measurements which were determined 
within 8 hours of sample collection. Other parameters were measured as ur- 
gently as possible (see Appendix I). 

Samples from all 107 sites were analysed for trace metal parameters using in- 
ductively coupled plasma-atomic emission spectrometry or ICP-AES. The 250 mL 
sample volume permitted sample preconcentration which improved the level of 
determination ten-fold. The preconcentration technique and the ICP analytical 
method are described in detail in Appendix I. 



4.2.2 Analyses of Potential Contaminant Sources 

Forty-two samples of bedrock waters and a wide variety of common contaminant 
sources including fertilizers and road de-icing chemicals were collected and 
analysed during the study. Here, the primary aim was to identify chemical 
parameters which could prove useful as diagnostic indicators of source. The 
sample locations are shown in Figure 4.2. Details of the samples and analyti- 
cal results are provided in Appendix III. 
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FIGURE 4.2 Contaminant source location map (Beck and 
Howard, 1986) 



Types of contaminant sample collected included: 

« Road de-icing chemicals 

Ten samples of road salt (NaCl) and 1 sample of CaClz were collected 
from 4 different salt suppliers. All but two of the samples had been ob- 
tained from the Salina Formation which Is a Silurian age evaporite se- 
quence. Two of the eleven samples had been obtained from Saskatchewan 
and were by-products of potash mining operations. All the samples 
analysed contained 0.5 to 1.0 cm granules mixed with minor amounts of 
sand. 

» Inorganic fertilizers 

Four samples of inorganic fertilizer were obtained from Canadian In- 
dustries Limited (CIL) In Courtright, Ontario. These included mono-, and 
di- ammonium phosphates, prilled urea, and ammonium nitrate. 

* Sewage sludge and manure 

A total of nine samples of various sludges and manure leachates were 
s£impled. These included chicken, horse, pig, dairy cow manures and a 
septic tank sludge. They were sampled from various locations including a 
liquid holding tank, manure pit, manure spreader and a weathered manure 
pile. 

« Landfill leachates 

Five landfill leachates were obtained from leachate collection systems 
at the Mountain Road, Glenridge Quarry, and Brock West landfill sites. 

* Bedrock waters 

To investigate chloride "contamination" from natural, non-point geologi- 
cal sources, such as bedrock waters, a total of fourteen locations were 
sampled. Many of these water samples could be classified as brines and 
were collected at various Ontario locations (see Figure 4.2). 

4.2.3 Collection and handling of contaminant samples 

Contaminant and bedrock water samples were collected as a co-operative effort 
between the University of Toronto Groundwater Research Group and Hunter and 
Associates. Procedures for the collection, handling and preparation of the 
samples depended on the nature of the material collected. Fluids were col- 
lected in two 25QmL sample bottles which were packed in ice for transporta- 
tion to the University of Toronto laboratories. If possible, one sample was 
filtered and acidified with Ultrapure nitric acid for ICP-AES analysis. The 
other sample was filtered for anion and major cation analysis. Due to the na- 
ture of the samples, filtration was normally carried out using a Whatman No. 4 
filter. Since only small volumes were generally available, samples were not 
pre-concentrated prior to analysis. 
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The solid contaminant samples, which included the road salt and inorganic fer- 
tilizers, were made into 5X and 10X solutions respectively. While these solu- 
tions were adequate for most analyses, the NaCl road salts required a 1000 
times dilution to avoid instrumental interference. (Na concentrations > 20,000 
mg/L tend to inhibit the nebulizer function in the ICP-AES to the extent that 
the measurement of other elements is unreliable). 



4.2.4. Sediment and Interstitial water samples 

4.2.4.1 Introduction 

Since the third objective of the study was to confirm the accumulation of 
non-point source contamination in the shallow subsurface environment, an In- 
terstitial water sampling program was implemented. Interstitial waters were 
collected from sediments sampled from three sites in Metropolitan Toronto, two 
sites in the Rouge River basin, one site 2 km north of the basin at Ballantrae 
and one site located 2.5 km east of Brantford (see section 2.2). A summary of 
details for each site is provided in Table 4.1. 



Table 


4.1 Auger Sites 






Site 


Location 


Auger Hole Number 


Contaminant 


A 


Don Val ley 
adjacent to 
the Parkway 


2,3,4,5 
6,7,9,23 


Urban i zati on/Road 
Salt 


B . 


Don Valley 
Seton Park 


MO 


Urbanization/Road 
Salt 


C 


Don Val ley 
Snow Dump 


8.19,20. 

21,22 


Urbanization/Road 
Salt 


D 


Fourteenth 
Avenue (Mill 


11,12,13 
ken) 


Fallow Field/Control 
Site 


e 


Ballantrae- 
Hwy 48 


14.15 


Road Salt 


F 


Markham 


16 


Cropland/Nitrogen 
Fertilizer 


G 


Brantford 


25,26,27 


Cropland/Nitrogen 
Fertn izer 
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Sites A, B, and C (Figure 4.3) were carefully located in the Don Valley in 
East Metropolitan Toronto to allow a range of point and non-point urban con- 
tamination sources to be investigated. The soils at sites A, B, and C com- 
prised fill material which dates back to the construction of the Don Valley 
Parkway. The soils can be broadly classified as dark brown sandy loams. 

Site A was represented by two groups of holes located adjacent to heavily 
traveled urban roads which receive large quantities of salt during winter 
periods. Sediment samples were obtained from a group of six shallow holes 
(1.35 to 2.65m depth) drilled beneath an urban bridge, and a group of four 
shallow holes (0.6 to 3.3m depth) approximately 100m downslope from a ramp on 
the Don Valley Parkway. 

Site B was located at Seton Park on the northwest side of the Don Valley 
Parkway to provide an urban control site. Sediment samples were collected from 
two shallow holes (1.2 to 1.8m depth). 

Site C was located at a City of Toronto snow dump (Figure 4.3) where sediments 
were sampled at five locations to investigate whether road de-icing chemicals 
and heavy metals present in urban street snow are accumulating in shallow sub- 
surface waters. 

As a non-urban (suburban) control site, Site was located in a fallow field 
on Fourteenth Avenue near Milliken (Figure 4.4). Sediment samples were ob- 
tained from three holes drilled to a depth of 1.45 to 2.27m. These holes 
penetrated Markham clay. 

Site E was located 8.8 km north of Stouffville on the west side of Highway 48 
(Figure 4.5) in the small community of Ballantrae. It was chosen to determine 
whether road de-icing chemicals are accumulating in the shallow sub-surface 
environment adjacent to a heavily salted rural road. Road salt contamination 
had been Implicated in (at least) two domestic wells located on the west side 
of Highway 48. Both wells showed chloride concentrations in excess of the 250 
mg/L maximum desirable limit set by the M.O.E., one of the wells showing a 
concentration of lOOOmg/L. Sediments were sampled from two holes drilled to a 
depths of 2.69 and 4.3m. 

Sites F and G were chosen to investigate the extent and nature of contamina- 
tion by fertilizers. Site F was located in a cornfield south of Markham 
(Figure 4.6) while Site G- was located in a cornfield 2.5km east of Brantford 
(Figure 4.7), 

4.2.4.2 Collection and handling of sediment and porewater samples 

Sediment samples were collected using the following procedure. A gasoline 
powered auger, Dig-R-Mobile was used to drill to the desired sample depth. The 
auger rods were then removed and a hand operated auger was used to obtain a 
partially saturated sediment sample. This sample was placed in a polyethylene 
bag, sealed, labelled, and packed in ice for transport to the laboratory. 
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Figure 4.H Location map for Site D, Fourteenth Avenue, 
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Figure 4-. 5 Location map for Site E, Ballantrae, Ontario 
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FIGURE 4,6 Location map for Site F, in a cornfield 
north of Markham, Ontario 




FIGURE 4.7 . Location map for Site G, in a 

cornfield east of Brantford, Ontario 



Research conducted by Barber et al. (1977) indicates that the chemical com- 
position of the interstitial water can change under warm conditions, and that 
samples are least affected by storage if refrigerated or frozen. For this 
reason the sediment samples were refrigerated or frozen on their arrival at 
the laboratory. 

Interstitial water was extracted from the sediment samples as soon as pos- 
sible (usually beginning the same day as collection) so as to minimise the 
risk of chemical alteration of the interstitial water (Barber et al., 1977). 
Approximately 150 to 200 g of sediment was placed in specially designed Del- 
rin centrifuge cups (Figure 4.8). These cups cup consist of an upper cylindri- 
cal portion into which the sediment sample is placed, separated from a lower 
detachable base into which the water passes during centrifugation. The 
material is supported by a Oelrin base-plate covered with a Whatman No. 4 fil- 
ter paper. Sediment samples were centrifuged for 30 to 60 minutes at a speed 
of 2500 to 3500 rpm and a temperature of 4*> C. Clearly, the volume of inter- 
stitial water collected will depend on the period of centrifugation, quantity 
of sample, pore size distribution of the material, the degree of initial 
saturation, and the centrifuge dimensions (Edmunds et al., 1976). Typically, 
the sandy loam of the Don Valley and the Harkham clay sampled in the Rouge 
River yielded between 100 to 350 ml and 10 to 75 ml of interstitial water 
respectively. 

The interstitial pore waters were analysed for as many chemical parameters as 
possible, given the volume of water available. To obtain geochemical data on 
the sediments, a total of thirty-five soil samples were submitted for in- 
strumental neutron activation analysis as described in Appendix I. 

4.3 Quality Control 

4.3. 1 Introduction 

An analytical quality control program is necessary to produce reliable 
laboratory data. This program should ideally consist of three parts; 1) 
utilizing analytical techniques which have been found acceptable by 
laboratories collaboratively; 2) analyzing control samples regularly; and 3) 
analyzing reference samples. 

This section discusses the quality control program adopted for the study. It 
considers the quality control measures as applied to each of the four stages 
of the data collection process: 1) sample collection (section 4.3.2); 2) 
sample preparation (section 4.3.3); 3) sample analysis (section 4.3.4); and 4) 
data analysis (section 4.3.5). 



4,3.2. Sample collection 

As discussed in section 4.2.1-2, nalgene bottles were cleaned with lOX nitric 
acid and thoroughly rinsed with distilled water prior to collection of well 
water samples. To determine whether any of the nitric acid was retained by 
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the bottle during this procedure, and was therefore contaminating the samples, 
a random selection of sample bottles were filled with double distilled water 
and allowed to soak for several days. The nitrate concentration of the water 
sample was then measured using potent iometry. No traces of nitrate were found. 

To monitor potential contamination of groundwater samples during sample col- 
lection and filtering in the field, several blanks were processed using 
routine sample preparation procedures. Results of analyses of the blanks 
showed concentrations below determination limits for all parameters, with the 
exception of Iron which varied from 0.6 to 1.0 mg/L. This problem was 
eliminated by the replacement of the automatic pipette used to acidify the 
samples for ICP-AES analysis with a standard volumetric pipette. 

For the interstitial water samples, several measures were taken to ensure 
quality control. One measure involved the removal of the outer 2 cm of each 
sediment sample to avoid the risk of sample contamination by the metal body of 
the auger. In addition, two blanks were prepared to determine how contamina- 
tion from the auger might affect water chemistry. These blanks were prepared 
by rinsing the auger with double distilled water, and submitting the samples 
for ICP-AES analysis. Results indicated that only barium concentrations were 
above ICP determination limits and were occasionally as high as 1.0 mg/L. The 
source of the barium is uncertain but may be derived from paint on the auger. 

As discussed in section 4.2.3.2., interstitial water samples were collected 
from sediment samples using centrifugation. Potential contamination of inter- 
stitial water samples from the centrifuge cups used during the extraction of 
the sample was not investigated during this study. However, previous work has 
shown contamination during centrifugation to be negligible. 



4.3.3. Sample preparation 

To identify and control the possible contamination of samples by filtering and 
preconcentration procedures used in the laboratory, blanks of double distilled 
water were prepared for each set of samples analyzed. These blanks were fil- 
tered, acidified and pre-concent rated in the same manner as indicated in sec- 
tion 4.2. The values of the blanks were used to make corrections to the 
sample data where necessary. 



4.3.4 Sample analysis 

As a control on the quality of the major and minor ion analyses conducted in 
the Groundwater Research Laboratory, blanks of double distilled water were 
analyzed with each set of samples. 

To determine the reliability of major and minor ion analysis, ten replicate 
samples were analyzed. Precision calculations were made for the 13 ions 
analyzed and are given in Appendix I. 
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For trace element analysis, National Bureau of Standards (NBS) water samples 
were analyzed on ICP along with every set of samples submitted. These stan- 
dards are prepared by the National Bureau of Standards in the United States 
and contain 18 elements that have been measured by at least two or three ac- 
ceptable analytical techniques. The NBS samples were used to determine preci- 
sion and accuracy for element measured. 



4.3.5 Data analysis 

To provide a check on the quality of the major Ion chemical analyses, anion- 
cation balances were performed on all samples with a complete suite of major 
ion analyses. The formula for this calculation is 

Error = (cations - anions) / (cations + anions) 

Samples having errors of 10% were reanalyzed and if the error could not be 
corrected they were not used. 

For neutron activation analyses, samples with analytical errors of 30X 
or more were not used in the the interpretation. To determine the error for 
each sample the following formula was used: 

* 

Error = (count - background) / (count + background) 
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5. RESULTS AND INTERPRETATION 

5.1 Introduction 

This section presents and discusses the results of the hydrochemical inves- 
tigation. It is divided into three parts, each part corresponding to the three 
objectives outlined in Section 1. 

The first major section (Section 5.2) concerns the concentrations of major, 
minor, and trace chemical constituents of groundwaters of the Duffins Creek- 
Rouge River basins. It provides a rigorous understanding of the background 
chemistry of the region, and draws attention to anomalies which may be Indica- 
tive of groundwater contamination. 

The following section (Section 5.3) examines the potential source contaminants 
and characterizes them on the basis of their chemical composition. For this 
part of the study emphasis was placed on five principal chloride enriching 
contaminants; road de-icing chemicals, inorganic and organic fertilizers, 
sewage sludges, landfill leachates and bedrock waters. 

The next section (Section 5.4) discusses the results of the interstitial water 
sampling program, the purpose of which was to confirm that non-point source 
contaminants are accumulating in the shallow sub-surface, and to develop, 
through a knowledge of their sub-surface chemical character, a convenient and 
definitive hydrochemical method of Identifying the contaminant origins. 

Section 5 concludes with a summary (Section 5.4) which discusses the relation- 
ship between the chemical character of the potential contaminants and the 
chemical character of the interstitial waters. 



5.2 Groundwaters 

The classification system developed by Beck (1985) was based on the major and 
minor ion analyses of a large suite (approximately 260) of groundwater 
samples. The current study comprised a smal ler suite of groundwaters, 
resamp 1 ed from sites chosen by Beck (1985), but i nc 1 uded t race el ement 
analysis in addition to major and minor ion analysis. The samples were 
restricted to overburden wells and were selected so as to provide representa- 
tion of the various water types identified by Beck. At the same time an at- 
tempt was made to provide regional coverage of the Duffins Creek - Rouge River 
drainage basins. A full description of the sites is contained in Appendix E of 
Beck (1985). Clearly, an important first stage of this new study was to 
demonstrate that the major ion classification scheme used by Beck (1985) and 
later modified by Howard and Beck (1986) was still appropriate to the region 
and that no major changes had occurred to the hydrochemical flow regime. 
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5.2.1 Regional distribution of major and minor ion parameters 

To aid in the groundwater classification, a comparison was made between the 
distributions of major and minor ion parameters measured in this study and the 
distributions of the same parameters mapped by Beck (1985). Chemical distribu- 
tions relevant to the discussion are presented In Figures 5.1a, 5.2a, 5.3a, 
5.4a, 5.5a which show the 1986 regional distribution of pH, CI, NOs, Na, Ca 
respectively, and Figures 5.1b, 5.2b, 5.3b, 5.4b, and 5.5b which show the 
regional distribution of these parameters as mapped by Beck (1985). Other 
chemical distributions are presented in Appendix VI. 

A direct comparison Is difficult as the current study was based on a much 
smaller distribution of sample sites. Also it must be recognized that the 
water chemistry at most sites will exhibit some degree of temporal 
variability. Nevertheless, several parameters show iroportartt similarities. For 
example, both studies confirm that chloride concentrations are highest in the 
northern part of the Duffins Creek drainage basin, and to the north and west 
of Markham in the Rouge River drainage basin (Figures 5.2a and 5.2b). 
Similarly, highest nitrate concentrations occur in the extreme north of the 
area (Figures 5.3a and 5.3b) with sporadic high values (>10 mg/L) several 
kilometres south east of Stouffville. 

Probably most significant is the similarity in sodium and calcium concentra- 
tions. Sodium concentrations, as previously shown by Beck (1985), tend to ex- 
hibit an inverse distribution to that of calcium (Figures 5.4a and 5.5a). In 
the Duffins Creek basin, sodium concentrations are low (< 10 mg/L) while cal- 
cium concentrations are commonly 60-100 .mg/L. In the central part of the 
Rouge River drainage basin, calcium concentrations are generally low (<60 
mg/L), while sodium concentrations are high (> 30 mg/L). The inverse relation- 
ship between Na and Ca was interpreted by Beck (1985) as indicative of ion ex- 
change between Na and Ca. Groundwaters in recharge areas tend to exhibit low 
Na and high Ca; as groundwaters move through the system Ca is replaced by Na. 
It was evidence of this type which led Beck to conclude that recharge to the 
system occurred throughout most of the area but was Impeded by Lake Markham 
clays in the central part of the Rouge drainage basin, immediately north of 
Markham. 



5.2.2 Classification of groundwaters 

5.2.2.1 Uncontaminated groundwaters 

Of the 83 samples with complete major and minor ion analyses. 12 samples were 
classified as naturally evolving uncontaminated Type 1A. 2A, 3A and 4A 
groundwaters. These are represented on a modified form of the Ourov diagram 
shown in Figure 5.6. 

Type 1A uncontaminated recharge waters (Figure 5.6) plot in the top left hand 
corner of the diagram. and are classified as calcium-bicarbonate (Ca-HCOa) 
waters. Groundwaters which have undergone ion exchange as described in Section 
3.2 are classified as Types 2A, 3A, or 4A depending on the degree to which ion 
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exchange has occurred. These waters plot in a band from the upper left hand 
corner of the Ca-HCOs field into the upper right hand corner of the (Na+K)- 
HCO3 field (Figure 5.6). 

Bedrock waters collected In the Pickering area were classified as Type B-1, 
sodium bicarbonate waters (Figure 5.7). The history of evolution of these 
waters Is unknown and it 1s possible that they may be at least partly connate 
in origin. 

5.2.2.2 Contaminated groundwaters 

The remaining waters can be classified as contaminated, albeit perhaps to a 
minor extent. This classification is based on the work of Beck (1985) ahd 
Howard (1985) (see Table 3.1 (section 3.2)) which indicated that maximum 
background concentrations of chloride and nitrate in uncontaminated 
groundwaters of the Duff ins Creek-Rouge River basins were approximately 15 
mg/L and 10 mg/L (as nitrate) respectively. 

Using the Howard and Beck (1986) classification scheme, the contaminated 
groundwaters can be grouped into one of 3 subtypes IS, IN, 1U depending on the 
speculated origins. Type IS waters are enriched in chloride (see Table 3.1) 
and are thpught to indicate contamination by NaCl road de-Icing chemicals, 
while the elevated nitrate concentrations found in Type IN waters are 
cautiously attributed to the application of fertilizers. The Type 1U clas- 
sification is generally reserved for Type 1A recharge waters which contain 
elevated concentrations of both nitrate and chloride, and are therefore of 
indeterminate origin. In most cases, the contaminated waters are essentially 
calcium bicarbonate in character (i.e. Type 1A). However, in some cases older 
Type 2A through 4A waters become contaminated, in which case the resulting 
waters are classified as Types 2U, 3U, and 4U with no S or N designation. 

Groundwaters classified as Types IS and IN are shown in Figure 5,8. Due to the 
elevated concentrations of chloride and nitrate In these waters they are 
generally displaced from the Type 1A field. 

The remaining samples are classified as contaminated waters of undifferen- 
tiated origins (Types 1U through 4U) shown in Figure 5.9. Most of the undif- 
ferentiated contaminated groundwaters are Type 1A recharge waters which show 
enrichment in chloride and/or nitrate. 



5.2.3 Distribution of groundwater Types 

The distribution of the groundwater Types is shown in Figure 5.10a. This dis- 
tribution is very similar to the distribution of chemical water types mapped 
by Beck (1985) and Beck and Howard (1985) (Figure 5.10b.) in 1984-85. The 
similarity of the distributions reinforces the conclusions of the previous 
studies and confirms that no major changes have occurred in the hydrochemical 
flow regime of the region. 
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Figure 5.10b Distribution of groundwater types (Howard, 1985) 



As shown in Figure 5.10a, Type 1 recharge waters (1A, 1S, IN, 1U) occupy the 
northern part of the Rouge River basin (Oak Ridges area) which was identified 
by Beck (1985) as a primary region of groundwater recharge. Type 1 waters also 
occur in the area south of UnionviUe and Markham indicating recharge in this 
locality. Older, naturally evolving Type 2 through 4 groundwaters are located 
in the central part of the basin. Groundwater flow in the Duffins Creek basin 
Is dominated throughout by Type 1 undifferentiated recharge waters. The 
presence of these waters Indicates that recharge is occurring throughout much 
of the basin. 



5.2.4. Distribution of minor and trace chemical constituents. 

The water type classification shown in Table 3.1 was based primarily on major 
ion chemistry, and recognized the fact that groundwaters will undergo a 
natural chemical evolutionary change as they move through the system. Some- 
times these evolutionary changes will be masked by contamination; for example 
the tendency for chloride to increase from < 5 mg/1 in Type 1A waters to >15 
mg/l in Type 4A waters is easily masked by minor amounts of contamination from 
a wide range of sources. Other evolutionary changes are more distinct, for ex- 
ample the process of Ca- Na exchange be recognized even when contamination is 
significant, 

A knowledge of the natural evolutionary process is important, as it allows 
anomalies reflecting unnatural processes, such as contamination, to be recog- 
nized. It provides the baseline with which to compare the quality of other 
waters. Major ions are not the only groundwater parameters to be affected by 
chemical evolutionary processes. They are perhaps easiest to understand as 
they can be measured most reliably. However, since an objective of the study 
is to determine whether certain minor and trace chemical constituents may 
prove helpful in the recognition of contaminant origins, it is important that 
the background behaviour of these constituents also be established. 

Distribution maps for manganese, barium, copper, iron, potassium, iodide, 
nickel and vanadium are shown in Figures 5.11 to 5.18 respectively. Maps for 
arsenic, antimony, phosphorous, zinc, boron and aluminum are contained in 

Figures VI. 1 to VI. 6 (Appendix VI). 

The distribution maps reveal several interesting features. Most significant Is 
the fact that most of the trace and minor chemical distributions were readily 
contoured in a form that, in a number of cases, matched well with the general 
distribution of water types shown in Figure 5.10a. The ease of contouring 
alone is remarkable when It is recognized that less than 10 X of the sampling 
points in the basin are free of contamination (i.e. Cl< 5-15 mg/L and NOa < 
10 mg/L). Two important conclusions that can be drawn are 1) distributions of 
many of the trace and minor chemicals are regionally controlled and show 
little sign of local influences, and ii) groundwater contamination has little 
influence on trace metal and minor ion chemistry. 

In general, the minor Ion and trace metal distributions fall Into one of two 
groups; 1) those constituents whose distributions closely resemble the dis- 
tribution of water types in the basins; and 2) those constituents which are 
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Figure 5.12 Distribution of barium. Duff ins Creek-Rouge River basins 
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Figure 5.13 Distribution of copper, Duffins Creek-Rouge River basins 
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Figure 5.14 Distribution of iron* Duff ins Creek-Rouge River basins 
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present in measurable concentrations in only a small number of samples and 
whose distributions appear to be unrelated to the distribution of water types 
in the basins. 

The first group includes manganese, copper, iron, barium, aluminum, vanadium, 
Iodide and potassium. With the exception of vanadium (discussed in Section 
5.4.2.10), these chemical parameters exhibit lowest concentrations In Type 1 
waters and tend to Increase in older Types 2 through 4. This suggests the ex- 
istence of evolutionary processes of a similar type to that controlling major 
Ion chemistry. In contrast, trace and minor chemical constituents In the 
second group were detected at only a few sites, the locations of which appear 
to bear little relationship to the distribution of groundwater types. This 
group of constituents Include nickel, lead, molybdenum, arsenic, selenium, 
cobalt, cadmium, beryllium, and antimony. Maps of arsenic (Figure VI. 1), an- 
timony (Figure VI. 2), and nickel (Figure 5.17) are Included simply to il- 
lustrate the scattered nature of the distributions of this group, 

5.2.4.1 Discussion of trace element behaviour 

As indicated above, manganese, copper, Iron, barium, aluminum, iodide and 
potassium, show increases in concentration as the waters evolve through Types 
1 to 4. The increases in potassium and iodide are thought simply to reflect 
residence time and the gradual dissolution of available iodide and potassium 
minerals as the waters move along a flow path. A similar process was proposed 
by Beck and Howard (1986) for the distribution of fluoride (Figure 5. 19). In 
the case of the trace metals, however, the distributions are more likely to be 
controlled by redox conditions and the presence of the hydrous oxides of man- 
ganese and iron. 

The redox conditions of the groundwaters are important because a change in the 
redox environment can result in i) changes in the oxidation state of the trace 
metal, ii) changes in the oxidation state of nonmetallic elements such as sul- 
phur and nitrogen with which the trace constituent forms complexes, or ill) 
changes in the solid mineral phase which can adsorb the trace constituent 
(Freeze and Cherry, 1979). When trace metals are mobilized under oxidizing 
conditions, it is usually due to the trace metal forming a soluble complex. 

In a reducing environment, trace metals may be mobilized when the hydrous iron 
and manganese oxides undergo dissolution (Minear and Keith, 1982). These 
oxides, which occur as partial coatings on silicate minerals in clays, soils, 
and sediments, act as a "sink" for the heavy metals. 

Although it was not possible to obtain reliable redox measurements in the 
basins, some understanding of the redox character of the water can be inferred 
from the water chemistry and the hydrogeology of the study area. In recharge 
areas such as the Oak Ridges moraine, groundwaters tend to be oxidizing, a 
condition under which certain trace constituents (copper, iron, and manganese, 
for example) will prefer to remain in the solid mineral phase. In the case of 
iron, this solid phase could be geothite (Fe(0H)3) or siderite (FeCOs). The 
presence of elevated manganese, copper, and iron concentrations (Figures 5.11, 
5.13, 5.14) at points further along the flow line suggest a slight lowering of 
redox potential in these older waters, an indication that much of the free 
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oxygen has been consumed. Nevertheless, it is clear that these older waters 
remain at least moderately oxidizing in character, as their is no evidence of 
either sulphate reduction (in which SO4 is converted to hydrogen sulphide 
(HS-)) or nitrate reduction (in which nitrate Is converted to NOz" and ul- 
timately to N2). Drever (1982) has indicated that waters which contain no 
free oxygen and are not reducing enough to have sulphate reduction occurring, 
can contain elevated Iron and manganese concentrations at levels moderately 
above Img/L. 

One element which does not have its concentrations limited under oxidizing 
conditions is vanadium. This element Is stable In groundwaters in both anionic 
and cationic forms and is most soluble In oxidized groundwater. A map showing 
the distribution of vanadium 1n the study area (Figure 5.18) indicates that 

vanadium concentrations are highest (> 0.002 mg/L) In the recharge areas of 
the basins and decrease to < 0.0001 mg/L in older waters from the central part 
of the Rouge River basin. 

Not all trace metals will have their concentrations controlled by redox condi- 
tions. One of the major controls on barium concentrations is the solubility of 
barite, BaS04 . At sulphate molar activities of lO"^ (SO4 = 100 mg/L) the cor- 
responding equilibrium molar activity of Ba*^ is lO"*' (Ba*^ = 0.014 mg/L) 
(Hem, 1970). If the sulphate molar activity decreases to lO"* (SO4 = 1.0 
mg/L) as in. the Type 2A through 4A waters, to maintain equilibrium, the barium 
molar activity must increase to lO"* (Ba*^ = i.4 mg/L). A plot of barium ver- 
sus sulphate (Figure 5.20) shows how barium concentrations tend to decrease 
with Increasing sulphate concentrations, suggesting that barite solubility may 
indeed be significant in controlling barium concentrations In groundwaters in 
the Duffins Creek-Rouge River basins. 

Distributions of certain trace metals including arsenic, antimony, nickel , 
lead, beryllium, molybdenum, chromium, and cadmium appeared to be random, with 
locally elevated concentrations bearing no relation to the distribution of the 
groundwater types in the basins. For example, arsenic, antimony, and nickel 
concentrations were below the ICP (pre-concentrated) determination limits for 
these elements in almost all the groundwater samples; the only samples having 
significant (essentially ICP-measurable) arsenic, antimony, and nickel con- 
centrations were those classified on the basis of their major and minor ion 
chemistry as contaminated Type 1 (IS, lU, and IN) waters. Type IS waters con- 
tained elevated nickel concentrations while Type 1U and IN waters contained 
considerably elevated arsenic and antimony concentrations relative to all 
other water types. 

For arsenic, antimony and nickel, there are several factors which limit the 
solubility of these elements in groundwater. Low arsenic concentrations in 
most groundwaters are probably due to the low solubility of HASO4-2, which is 
the commonest arsenate species at pH values greater than 7.2. In addition to 
this, arsenic solubility in groundwaters is limited by the sorption of ar- 
senate As04"3 on hydrous iron oxides. Nickel in the 2+ oxidation state (Ni*^) 
is soluble and is highly mobile. It also forms soluble complexes with sul- 
phate, and chloride. However, in oxidizing environments, nickel may undergo 
fixation (adsorption) by iron and manganese oxides while in reducing condi- 
tions mckel is precipitated as nickel sulphide. 
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The solubility controls for antimony are not as well understood as those of 
arsenic and nickel. In oxidizing conditions antimony in the form Sb** is 
stable. Minear and Keith (1982) suggest that the most Important factor in- 
fluencing antimony concentrations in water may be adsorption on days and 
hydrous oxides. 

Of the remaining trace elements that were found to display sporadic distribu- 
tions, (chromium, lead, molybdenum, cadmium, cobalt, selenium, and beryllium) 
only chromium, beryllium and molybdenum were ever present In measurable con- 
centrations. Cadmium, lead, cobalt and selenium were all below ICP detenmlna- 
tlon limits. Factors Influencing the solubilities of these metals are dis- 
cussed below. 

In most cases, only the contaminated waters (Types IS, IN, and 1U) showed the 
presence of chromium, usually at concentrations fractionally above the ICP 
determination limit. With a few exceptions in the older waters, chromium was 
not detected. From a geochemical standpoint, the most significant control on 
the concentration of chromium in groundwaters is the redox characteristic of 
the groundwater system. In oxidizing groundwaters such as Type 1 waters, Cr*3 
will be oxidized to Cr** in the form HCr04" Cchromate) which is stable in the 
pH range of, 6.5 to 8.5. However, this reaction proceeds very slowly and It is 
possible that much of the chromium in groundwaters undergoes other reactions 
such as adsorption prior to oxidation. One interesting feature is the oc- 
casional association of low chromium concentrations with elevated iron con- 
centrations in the older Type 2A through 4A groundwaters. Minear and Keith 
(1982) .indicate that ferrous iron will reduce Cr+*, lowering the concentration 
of chromium. This reduction is dependent upon several factors including the 
ferrous iron concentration, the pH, and the degree of oxidation of the ferrous 
iron by the oxygen in the water. 

Only two of the 107 groundwater samples contained measurable lead concentra- 
tions. While this is partly explained by the poor level of detection for lead 
using ICP-AES, it is also due to the low solubility of lead in oxidizing 
groundwaters containing bicarbonate and sulphate. Under such conditions, lead 
will form the complexes PbCOa and PbS04 , both of which have low solubilities 
in a high redox environment. In reducing environments, lead will form the sul- 
phide compound PbS. Hem (1970) states that under such conditions it is likely 
that these solubility constraints could limit the concentration of lead to 
about 0.002 mg/L (2ug/L), well below the ICP determination limit of 0.23 mg/L 
(0.023mg/L for the pre-concentrated samples). 

Beryllium concentrations in many groundwater samples from the study area are 
below 0,0001 mg/L (0.1 ug/L). In the remaining samples. Type 1A recharge 
waters showed slightly higher beryllium concentrations (< 0.0008 mg/L) than 
the older Type 2 through 4A groundwaters (0.003 - < 0.0001 mg/L). However, 
groundwaters with the highest beryllium concentrations (0.0031 - < 0.0001) are 
those classified as contaminated (1U, IS, and 3U) waters. The concentrations 
of beryllium in all Duff ins Creek-Rouge River basins water samples are within 
the range expected for uncomplexed Be*^ at a pH of 7. Many beryllium oxide and 
hydroxide species have considerably lower solubilities. 
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Only two groundwater samples contained measurable concentrations of molybdenum 
while none of the groundwater samples contained measurable concentrations of 
cobalt, cadmium and selenium. Unfortunately, molybdenum is a rare element and 
little is known about geochemical controls on its solubility. 

Cobalt concentrations in groundwater may be limited by several factors. In the 
presence of bicarbonate and at a pH of 8, C0CO3 will limit cobalt solubility 
to 0.006 mg/L, well below the ICP determination limit of 0.017 mg/L. The most 
significant control on cobalt solubility Is adsorption by colloidal particles 
of hydrous oxides of manganese and/or Iron present in aquifer materials 
(Jenne, 1968). 

Cadmium concentrations in oxidizing groundwaters are likely restricted as a 
result of the formation of CdCOs and CdC0H)2, both of which have very low 
solubilities, while the formation of CdS is the controlling solid phase In 
reducing environments (Minear and Keith, 1982). 

The small amount of information available on solubility controls of selenium 
concentrations suggests that redox conditions may be the most important limit- 
ing factor. Under oxidizing conditions selenium is present in groundwaters in 
the form SeOs"^. 



5.2.5 Summary of trace metal behaviour 

A chart summarising typical concentrations of the 19 trace constituents in the 
4 water types is shown in Table 5.1. It should be emphasised that this is a 
summary diagram and is designed to provide, In a much generalised form, the 
level or range of levels at which the trace metal may be expected to occur in 
a particular water type. When single values are given without a range, it Is 
usually because only one valid measurement was made for that particular water 
type. 

Based on trace element distribution maps and Table 5.1, the following summary 
observations can be made: 

1) The distributions for several trace metals (barium, copper, boron, 
aluminum, manganese, iron, and vanadium, for example) are similar to the 
groundwater type distribution, suggesting that these parameters are most 
strongly influenced by natural chemical processes; 

2) Type 1 (1A, IS, IN, 1U) recharge groundwaters are naturally characterized 
by elevated concentrations of vanadium (> 0.002 mg/L) and chromium (0.0023 
mg/L); 

3) Groundwaters classified on the basis of major and minor Ion chemistry as 
older ion exchange Type 2 through 4 waters contain elevated concentrations of 
manganese C>0.02 mg/L), Iron (>0.3 mg/L), copper (> 0.02 mg/L), boron (>0.02 
mg/L), aluminum (> 0.03 mg/L), and barium (> 0.1 mg/L), The elevated con- 
centrations of most of these trace elements is likely due to slight changes In 
redox potential of the older, naturally evolving groundwaters. 
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4) The distributions of some trace elements (e.g. arsenic, selenium, nickel, 
and antimony) are not related to groundwater type, suggesting that other 
processes such as contamination control their concentration in these waters; 

Table 5.1 Summary of typical trace element concentrations In the groundwaters 
types of the Duff ins Creek-Rouge River basins 
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5) Type 1 contaminated groundwaters (IS, 1U, and 1N) are characterized by 
elevated concentrations of nickel (0.01 mg/L), arsenic (> 0.0113 mg/L) , an- 
timony (0.02 mg/L); 

6) Concentrations of cobalt, cadmium, and selenium are below ICP determination 
limits for these elements in all groundwaters analyzed. 

5.3 Analysis of potential contaminant sources 

5.3. 1 Introduction 

For this part of the study, 1t was appropriate to focus on two types of non- 
point source contamination: man-made "surface" sources which undergo chemical 
modification during entry into the groundwater flow system, and natural sub- 
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surface sources which cause contamination by direct mixing. Three types of 
man-made contaminant were Investigated: road de-icing chemicals, inorganic and 
organic fertilizers, and landfill leachates. In the natural source category, 
various types of saline bedrock water were investigated. In all , ? total of 
42 contaminant samples were submitted for major, and minor ion analyses. 17 of 
these were also submitted for trace constituent analysis by ICP-AES. As indi- 
cated in Section 4.2.2.6, road de-icing chemicals were submitted as 5* solu- 
tions, while the inorganic fertilizers were analyzed in 10% solutions. Results 
of the chemical analyses are presented in Appendix III. 

Samples submitted for trace constituent analysis _inc_luded_.1 . landf 1 1 1 leachate, 
9 bedrock waters, 4 inorganic fertilizers and (3__road de-icing chemTcaT| x The 
major, minor and trace constituent chemistry of each contaminant is discussed 
below in Sections 5.3.2, 5.3.3. and 5.3.4. respectively. 

I 

5.3.2 Major ion chemistry 

The major ion chemistry of representative samples of the four principal types 
of potential contaminant is displayed on modified Schoeller plots in Figures 
5.2ia and 5.21b. Major differences are indicated. For example, the road sa1ts~l 
are shown to be extremely pure consisting of sodium (or in the case of CaClz, 
calcium) and chloride with only minor amounts^f sulphate, potassium, mag- 
nesium, nitrate and bicarbonate. This is in contrast to the other surface 
sources of contamination investigated, all of which exhibit considerable 
variation in their major ion chemistry. 

Two types of bedrock water are represented on Figure 5.2ib. Low chloride 
waters from the Duff ins Creek-Rouge River drainage basins (generally < 102 
mg/L CI) and high chloride waters from deep formations in west-central and 
southwestern Ontario (10^ - 10= mg/L Cl). As Indicated in the figure, the 
waters exhibit distinctly different major ion chemical characteristics. The 
high chloride waters are relatively pure and are dominated by NaCl; the low 
chloride waters tend to retain a calcium bicarbonate character. 

Tnere are clearly many ways in which the four principal contaminants can be 
distinguished chemically at source. Several examples of plotting procedures 
are shown in Figures 5.22 to 5.24. Figures 5.22 and 5.23 display plots of the 
ratios Na/Ca vs Ca and CI/NO3 vs NO3 respectively for the four principal types 
of contaminants studied. In most cases, these contaminants occupy distinctive 
areas of the diagram. Nevertheless, some interesting features may be noted. 
For example, while as expected, the high chloride bedrock are clearly distin- 
guishable from the low chloride waters by virtue of their high Na/Ca ratios, 
it is significant that the phosphate fertilizers also exhibit similarly high 
Na/Ca ratios (l0+2)_ Also, while both inorganic and organic fertilizers 
(sewage sludges) are distinguished from other potential contaminants inves- 
tigated by their low C1/N03 (lO-i) ratios (Figure 5.23), the level of enrich- 
ment of nitrate relative to chloride in the organic fertilizers is one to four 
orders of magnitude lower than that of the inorganic fertilizers. The greatest 
nitrate enrichment is generally shown by the hog and dairy cow manures. All 
other potential contaminants investigated have high relatively CI/NO3 ratios 
(iC'i to 10*3). The inorganic fertilizers are also characterized by elevated 
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Figure 5.23 Plot of C1/N0„ vs N0„ for potential contaminants 
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sulphate concentrations as indicated by their S0</C1 ratios. These ratios are 
plotted in Figure 5.24. The road salts, landfill leachates and bedrock waters 
are generally characterized by a depletion in sulphate relative to chloride. 

All potential contaminants with the exception of the road salts exhibit en- 
richment in bicarbonate relative to nitrate. Landfill leachates. in par- 
ticular, show enrichment in bicarbonate. In the Clark and Piskin (1976) study 
of 123 landfill leachates, high alkalinity was noted as a characteristic of 
many leachates. It is believed that the high alkalinity (hydroxide, carbonate 
and bicarbonate ions) occurs during decomposition of organic wastes in 
landfills. Decomposition releases large amounts of COz to both the leachate 
and to the atmosphere through the fill covering the landfill. The carbon 
dioxide forms carbonic acid (H2CO3) which contributes to alkalinity by forming 
HCO3-. 



5.3.3. Minor anion chemistry 

Evaluation of the minor anion chemistry focused chiefly on the presence of 
iodide and its relationship to chloride. Figure 5.25a shows plots of iodide 
versus chloride for the four principal types of contaminant. Representative 
samples are also plotted on Figure 5.25b which shows a plot of I/Cl versus the 
chloride concentration. For the purpose of comparison. Figure 5.25b also in- 
cludes two dilution lines. Line A represents the chemical mixing of an uncon- 
taminated Type 1A recharge water with a 5X solution of road salt (NaCl), and 
line B represents a similar mix with a saline bedrock water. 

The diagrams indicate that road de-icing chemicals (NaCl and CaCh) are sig- 
nificantly depleted in iodide with respect to seawater. All other contaminants 
compared 1n the same way, exhibit a relative enrichment in iodide. As uncon- 
taminated groundwaters undergo increased mixing with the 5X road salt solu- 
tion (Figure 5.25b), the iodide ratio reduces rapidly, achieving the ratio in 
sea water at a chloride concentration of only 600 mg/L. Uncontaminated 
groundwaters which undergo chemical mixing with saline bedrock water (dilution 
line B) remain considerably enriched in iodide relative to seawater. 

It is interesting to note that while the majority of the bedrock waters are 
strongly enriched in iodide, two samples on Figure 5.25b show a strong deple- 
tion. One sample was collected from the Salina Formation which is an important 
source of road salt in southern Ontario; thus the Iodide depletion may be ex- 
plained by the presence of Iodide depleted rock salt in the formation. The 
second sample was obtained from the Rochester Formation and is most likely to 
have been depleted in iodide by ion exchange or precipitation processes (Beck 
and Howard, 1986). 

5.3.4. Trace element chemistry 

Trace element data for the four principal contaminant sources are presented in 
the form of modified Schoeller diagrams in Figures 5.26 and 5.27. Selected 
data are also contained in Tables 5.2, 5.3 and 5.4. 
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FIGURE 5,25b Plot of I/Cl vs. CI for the potential contaminants 
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Figure 5.2 7 Schoeller plot of trace element; 

potential contaminants 



As demonstrated in Section 5.3.3, the major ion analyses of the road de-icing 
chemicals (NaCl and CaCl2) indicated an unusually high degree of chemical 
purity. This conclusion is further supported by the trace element analyses 
which showed measurable concentrations of only 5 of the 20 analysed trace ele- 
ments. As shown in Figure 5.26, the trace impurities identified were common 
to both NaCl and CaCU, and included barium, aluminum, nickel, iron, and cop- 
per. The concentrations of these trace constituents In 5X solutions of the 
road de-icing chemicals are given In Table 5.2. In general, CaCl2 contains a 
higher copper concentration than NaCl, but lower concentrations of barium and 
alimlnum. 

Table 5.2 Trace constituents in Road De-Icing Chemicals 



Element NaCl CaClz 

5X Solution 5% Solution 

(mg/L) (mg/L) 



Al 166.7-181.0 92.1 

Ni 42.3- 58.9 57.9 

Fe 42.2- 58.8 57.8 

Cu - 98.2-154.5 251.9 

Ba 7.4- 15.9 4.8 



In contrast to the road salts, the other three potential contaminants exhibit 
a wide range of trace element impurities (Figures 5.26 and 5.27). The phos- 
phate and nitrate fertilizers were found to contain different suites of trace 
elements which presumably reflects the different source materials used in the 
manufacture of fertilizers. The nitrate fertilizers are generally distin- 
guished from the phosphate fertilizers by measurable concentrations of lead, 
cobalt, chromium, selenium, and antimony. However, several other trace element 
characteristics of the inorganic fertilizers to note include: 

1) The phosphate fertilizers are characterized by manganese enrichment rela- 
tive to zinc, in contrast to nitrate fertilizers, road salts, low chloride 
bedrock waters and landfill leachates all of which have Mn/Zn ratios of less 
than 1 . 

2) Di-ammonium phosphate, and ammonium nitrate fertilizers can be distin- 
guished from the prilled urea and mono-ammonium phosphate fertilizers, road 
salts and bedrock waters by their elevated concentrations of barium relative 
to copper, nickel, and iron. 

The sewage sludge samples were not submitted for trace element analyses due to 
difficulty in filtering the samples during sample preparation. Consequently, 
literature values were used to supplement laboratory analyses; these are shown 
in Table 5.3. 
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The bedrock waters also exhibited considerable variability in their trace ele- 
ment chemistry as shown in Figure 5.26b. When dilution is taken into account 
and the data are normalised according to the chloride concentrations, bedrock 
waters are distinguished from road salts by the presence of measurable con- 
centrations of manganese, phosphorous, molybdenum, zinc, lead, cobalt, 
chromium, cadmium, arsenic, selenium, antimony, vanadiumi boron, and beryl- 
lium. 



Table 5.3 Minor and trace constituents in various manure sludges 



Manure Type 



Poultry 
Beef 
Hog 
Dairy 



Fe 



Parameter (mg/L) 
Mn Cu 



Zn 



350 

100 



300 



25 
200 



750 



15 



9000 

2500 
500 



7000 

4000 
6000 



« (from Webber, 1982) 



Table 5.4 Trace Constituents in Landfill Leachate 



Element 


Range 


Typical 


Mountain Rd 




of 


Landfill Leachate 


Landfill Leachate 




Concentration 


Composition 


Composition 


As 


-5500 


0.038 


0.1140 


Al 


- 122 


0.27 


<0.0082 


Ba 


- 5.4 


0.08 


0.1078 


Be 


- 0.3 


0.025 


<0.0001 


B 


0.3 - T3 


4.5 


1.4552 


Cd 


- 0.19 


0.0037 


<0.0016 


Cr 


- 33.4 * 


0.053 


<0.0012 


Cu 


0-10 


0.024 


<0.0012 


Fe 


0.2 -5500 


24.0 


<0.0006 


Pb 


- 5.0 


0.054 


<0.023 


Mn 


0.06-1400 


0.6 


<0.0003 


Mo 


- 0.52 


0.013 


<0.0034 


Ni 


0.01- 0.8 


0.069 


<0.0068 


V 


- 1.4 


«x 


<0.0008 


Zn 


-1000 


0.5 


0.0239 



** not determined 

(after Daniel and Liljestrand (1984)) 
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Only one sample of leachate was submitted for ICP-AES analysis. This was ob- 
tained from the gatehouse well at the Mountain Road landfill site. Concentra- 
tions of the trace constituents manganese, molybdenum, aluminum, nickel, lead, 
cobalt, chromium, copper, cadmium, beryllium, antimony, and vanadium were all 
found to be below ICP determination limits. The trace constituents present in 
measurable concentrations were boron, arsenic, phosphorous, zinc, iron, and 
barium. Data presented by Daniel and Liljestrand (1984) shown here in Table 
5.4, indicates that a wide range in the concentration of trace constituents is 
possible in landfill leachates. A comparison of trace element data for the 
landfill leachate in this study with the data presented in Table 5.4 suggests 
that the Mountain Road leachate concentrations are comparable to the lower 
range of concentrations given. 

5.3.5 Summary 

The characteristic features of the major, minor and trace element chemistry of 
the four potential contaminants are summarized in Tables 5.5a and 5.5b. Since 
these contaminants will undergo various degrees of dilution when mixed with 
groundwater, these summary tables emphasise chemical ratios in preference to 
absolute concentrations. 



Table 5.5a Summary of distinguishing chemical features of road salts and fer- 
tilizers 



POTEHTIAi . 
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' all other trace consiUuents 




- S0«/C1 ratios = :o-' 
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- enriclied in CI relativs 




- depleted in Ba relative to Cu. 




toHOi: Cl/»Oi : 10^ 




Ni, and Fe 




depleted ia HCQ] relative 








to HO] 








- phosotiate fertilizers ' 


- earictiea m I relative 


- phospnate fertilizers character- 




hijhljf enncnefl in Xi: 


to seavater: I/Cl: iq-* 


ized bT leasuraPle concenirations 




Ma/Ca: 10*2 


- Br/CI ratios: ID'^ 


of Md, P, Mo, A). U, Ni, Fe, Cu 






- S0*/C1 ratios: 10*' for 


As, V, B, Ba, Be 




- nitrate fertilizers enriched 


phosphate fertilizers 


- phosphate fertilizers enncheo 


IMORGANIC 


in Ha: Ha/Ca-- 13« - 10*' 


- SGi/Cl ratios: 10« for 


in Mn relative to In 


FERTILIZERS 


- ennciieo m itOi relative to 


nitrate fertilizers 


- nitrate fertilizers cftaractenieo 




CI: Cl/llOi: 10-' 




bv elevated Pb concentmians 




- enricfieo in flCOi reiaiive to 
HOj 




relative to Cu 






- Characterized i) seasuriole 








concentrations of Pb. Cc. Se. Sb 
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Table S.Sb. Sunary of dlstlDqaishing features of bedrock viters and laodflU Uacbates 



POTERTIAL 
COITAIINAITS 


RAJOR lOR 
CHEXISTRy 


miOR [01 
CHENISTRY 


TRACE ELEMEIT 
CHEMISTRY 


HIGH CfllOKIDE 
BEDKOCK VATERS 


- enriched in CI relative 
to HO): Cl/ROi: )0*i 
and SOt: Cl/SO*: 10*' 

- enriched in Ki relative 
to Ca: Ka/Ca:lQ'' 


- enriched in I relittvi 
to seanater I/Cl: tO'* 
U 10-' 


• enriched In Hn relative to Zi 

- enriched in Sb relative to Hi, 

Fe, Cu, Ba 
' leisurable concentrations of al 

trace elesents 


LOK CHLORIDE 

BEOROCK KATERS 


- depleted in Ka relative 
toCa (la/Ca: lO-') 

- Cl/KOi : ID*' 


- enriched in I relative 
to seawater I/Cl: 10-* 

- S0*/C1 : 10" 


- Mtsurable concentrations of Xii 
Al. Is, Hi, Fe, S. Ba, B 


UHOFILL 
LEACHATES 


- Cl/HOi : IB*' 

- hishly enricheo in HCOs 


■ I/Cl : 10-» 


- Hasurable concentrations of P, 
In, Fe, S, As. B, Ba 



5.4 Chemical character of the contaminants in the unsaturated zone 

As indicated in Section 5.3.1, this part of the study was concerned primarily 
with the chemical changes contaminants undergo as they move from the surface 
into the saturated zone. It focused on two important non-point contaminants - 
road de-icers and fertilizers, chemicals which are dissolved by precipitation 
at the surface but become subject to considerable chemical change during sub- 
surface migration. These reactions can involve adsorption, ion exchange, 
mixing and dilution and may completely modify the chemical character of the 
contaminant. 

As discussed in Section 4,2.3., 7 sites were selected for this part of the 
study. These included urban road, snow dump, rural road, urban park, fallow 
field, and two cropland sites. Sediments from the unsaturated zone were 
sampled, and their interstitial waters were extracted and analyzed. For the 
purposes of description and discussion most of the relevant data are presented 
in this report in the form of chemical depth profiles. Profiles relevant to 
the discussion are contained in this section; others may be located in Appen- 
dix VII. 
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Figure 5.28 Plot of chloride concentration versus sample depth, interstitial waters 
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FIGURE 5.29 Plot of sodium concentration versus sample depth, Interstitial waters 



5.4.1 Urban road sites 

Hydrochemical profiles at the urban road sites display considerably elevated 
concentrations of Na and CI (Figures 5.28 and 5.29). Interstitial waters at 
these sites display chloride concentrations between 10^ and 10^ mg/L and 
sodium concentrations between 10^ and 10^ mg/L as compared with concentra- 
tions of 10^ mg/L C1 and 10^ mg/L Na for rural road sites. As shown by the 
figures, the zones of high salinity extend to depths In excess of 3.3ffl, and 
in some cases occur at distances as great as 100m from the road surface. The 
elevated CI and Na concentrations are evidently associated with the large 
amounts of road de-icing chemicals (in Metropolitan Toronto exclusively NaCl) 
which are applied to the nearby Don Valley Parkway during the winter months. 

The extensive zones of high salinity at the urban sites probably represent 
many years of exposure to road salt contamination. The pattern of increasing 
chloride concentration with depth may reflect differences in road salt load- 
ings from year to year as well as differences in the amount of precipitation 
from one spring to the next. In a study by Toler and Pollock (1974), which 
covered a period of 4.5 years, it was noted that chloride concentrations were 
especially elevated during low rainfall seasons when volumes of water were in- 
sufficient to provide an adequate flushing of the shallow sub-surface. 

A close exapiination of the depth profiles indicates that the chemical charac- 
ter of the infiltrating solutions is not maintained during its downward migra- 
tion. At both the rural and urban road sites there is a general trend of 
slightly increasing chloride concentration with depth, while sodium concentra- 
tion remains relatively constant with Increasing depth. While a number of fac- 
tors may be operating, ion exchange is thought to be the most important. In 
these reactions Na ions will be adsorbed onto colloid particles in exchange 
for the release of Ca ions according to the reaction: 

2Na+ + Ca(*d) = 2Na(*d) + Ca2* (2) 

The effect of this process is to remove sodium ions from the soil solution, 
while calcium concentrations increase. Hydrochemical profiles appear to con- 
firm this process; sodium concentrations are considerably lower than expected 
for the corresponding chloride concentrations, while calcium concentrations 
are elevated by chemically equivalent amounts (Figure 5.30). Laboratory 
studies carried out by Howard(1986) have demonstrated the postulated ion ex- 
change process. 

Urban road sites contaminated by road de-icing chemicals also contain elevated 
SO4 concentrations ranging from 118.45 mg/L at a depth of 0.71m to 600 mg/L at 
a depth of 2.32m (Figure 5.31). These values are considerably above background 
concentrations and appear to be related to the salinity. However, since sul- 
phate concentrations 1n road salt are normally very low (typically three or- 
ders of magnitude less than chloride) its presence is highly anomalous. 

As shown previously in Section 5.3.4, road de-icing chemicals are depleted in 
iodide relative to seawater. Consequently, it might be expected that intersti- 
tial waters contaminated by road de-lcing chemicals would show a similar 
trend. A plot of I/Cl ratios versus 01 for interstitial waters is shown in 
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Figure 5.32 together with three dilution curves. Two curves represent the 
mixing of Type 1A recharge waters with road salt (A) and seawater (B). A third 
curve represents the mixing of a high iodide fresh water (e.g. a Type 4A water) 
with road salt (C). The results are somewhat inconclusive in that the data ap- 
pear to fit more closely with the upper, higher iodide dilution curve (Type 
4A) when it would be more reasonable to expect that local uncontaminated 
groundwaters to be Type 1A In character. The results clearly Illustrate the 1/ 
Importance of knowing the background water chemistry of an area prior to Its 
contamination. 

As indicated in Table 5.2, road de-icing chemicals tend tg ba_ extrema1y pure^ 
containing measurable concentrations of only fiveC( Al,_ N1, Fe, Cu a nd Ba)\ f 
the nineteen trace metals studied. Since the urban road sites are exposed to 
contamination from these de-icing chemicals it would not be unreasonable to 
expect that interstitial waters from the urban sites to display a similarly 
restricted range of trace elements. Certainly, Al , Fe, Cu and Ba were well 
represented in the interstitial waters beneath the urban road sites (Ni con- 
centrations were consistently below the ICP determination limit); however, the 
urban road sites also exhibited enrichment in many other trace constituents 
which are less easy to explain. The trace constituent chemistry of the pore 
waters is discussed further below. 

T race e 1 emerit ana 1 ys i s of the i nterst i t i a 1 waters obtai ned from road s i tes 
showed elevated concentrations of a wide range of trace metals. Barium, for 
example, an established constituent of road de-icing chemicals was found to 
occur at considerably elevated concentrations (up to 0.7 mg/L) (Figure 5.33). 
Of the other trace constituents of road de-icing chemicals , iron, aluminum, 
and copper (Figures 5.35, 5.36, and 5.38) were also found to be occur in 
elevated concentrations relative to the other sites, but their distributions 
were noticeably restricted to the upper 1 to 2 metres. Below this depth, these 
metals show a significant decrease in concentration which presumably reflects 
their relatively low mobility with a tendency to be adsorbed by the sediment 
matrix. 

Other trace metals which appeared occasionally and usually in very shaUowi, 
sub-surface waters include lead (up to 1.9 mg/L), molybdenum (0.07 mg/L (one 
sample)), chromium (up to 0.05 mg/L) and arsenic (0.13 mg/L (one sample)). 
Lead is a well documented contaminant from gasoline and diesel exhaust, 
(Scott, 1980; Garcla-Miragaya, 1934) and is usually emitted in the form of 
water soluble lead halides. Sources of the other trace metals are more 
speculative but they must presumably represent other urban pollutants. 

5.4.2. Snow Dump Site 

The interstitial waters sampled from the snow dump site exhibit considerable 
variability in trace constituent concentrations. Substantial enrichment in 
major, minor, and trace constituent chemistry was observed in Sample 8a col- 
lected from the centre of the site, while peripheral sites (20, 21, 22) showed 
only moderate to low enrichment. Sample 8a not only displayed major ion con- 
centrations of the same order of magnitude as the urban road sites, it was 
significantly enriched in manganese (0.6 mg/L), phosphorous (2.4 mg/L), 
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rigure 5.35 Plot of iron concentrations versus depth, interstitial waters 
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FIGURE 5.36 Plot of aluminum concentration versus depth 
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FIGURE 5,38 Plot of copper concentrations versus depth, interstitial waters 



aluminum (17.8 mg/L), zinc (0.5 mg/L), iron (62 mg/L), lead (1.9 mg/L) , copper 
(0.58 mg/L), chromium (0.07 mg/L), vanadium (0,14 mg/L), barium (0.25 mg/L), 
boron (0.23 mg/L) and beryllium (0.013 mg/L) relative to ail other sites in- 
vestigated. 

It is believed that the unexpectedly high trace metal contamination beneath 
the snow dump site may be the result of accumulated particulate matter. When 
snow at the site melts It produces two sources of trace metal contamination: 
dissolved metals as might appear In run-off from salted urban roads, and par- 
ticulate matter (urban dust) which although minor, will accumulate 1n large 
quantities as the dump continues to receive large quantities of snow. These 
particulates will tend to collect in the upper 30 cm of the soil column while 
the runoff solution infiltrates through this column into the unsaturated zone. 
Neutron activation analysis of sediments from the snow dump site (Table 5.6) 
confirms that soils from this site contain increased concentrations of certain 
elements (for example, chromium, iron, cobalt, and barium) in the solid phase 
relative to the urban road, rural road and cropland sites. The findings are 
corroborated by Scott (1980) who indicated that dumps receiving their snow 
from streets had a higher accumulation rate of sodium, chloride, and lead (the 
only constituents Scott (1980) studied) than those snow dumps receiving their 
snow from parking lot sites. It was also suggested by Scott (1980) that this 
difference was due to the higher amount of particulates in the street snow. 

Table 5.6 Concentrations* of selected trace constituents in soils (ppm) 



Site 


Snow 


Urban 


Rural 


Cropland 


Range in soils** 


V 


30.0 - 60.0 


30.0 


30.0 


30.0 - 80.0 


20.0 - 500 


Mn 


20.0 - 200.0 


50.0 


40.0 


50.0 - 100.0 


100.0 - 4000 


Cr 


30.79- 40.29 


26.2 


20.89 


23.11- 25.13 


5.0 - 3000 


Fe 


2.15- 2.65 


1.7 


1.44 


1.35- 2.20 


+ 


Co 


6.08- 8.71 


5.05 


4.39 


5.17- 6.73 


1.0 - 40 


Ba 


386.44- 490.83 


377.50 


394.38 


243.75- 447.73 


+ 


Ti 


870.0 -1490.0 


980.0 


840.0 


870.0 -4280.0 


+ 



• analyzed by neutron activation 
*• from Rubin (1974) 



+ not measured 



5.4.3. Rural Road Sites 

Rural roads generally receive considerably less road salt than their urban 
counterparts (36 kg/km c.f. 116 kg/km). Consequently, it is not surprising to 
find that, as shown by Figures 5.27 and 5.28, concentrations of chloride and 
sodium at the sites are two to three orders of magnitude lower than those of 
the urban road interstitial waters. The maximum chloride concentration ob- 
served was only 163 mg/L which, while considerably above background clearly 
represents considerable dilution by local fresh groundwater. 
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Trace metal concentrations in the interstitial waters are similarly low. Con- 
centrations of chromium, cadmium, arsenic, nickel, lead, molybdenum, and 
cobalt in interstitial waters sampled from rural road sites are below ICP 
determination limits for these elements. Of the trace constituents normally 
found in road de-icing chemicals (Al, Ni, Fe, Cu and Ba), only Ba was 
regularly observed with Al, Fe and Cu appearing at detectable levels in only 
occasional samples. 

5.4.4. Cropland and fallow field sites 

Interstitial waters from the cropland and fallow field sites are low in total 
dissolved solids compared to urban road sites, but in comparison to uncon- 
taminated Type 1A recharge waters, they display considerable enrichment in 
both nitrate and chloride. At the site near Brantford, chloride concentrations 
range from mg/L to mg/L and concentrations of nitrate range from 50 to 
170 mg/L; at MiUiken, chloride concentrations range from 180 to 585 mg/L and 
nitrates range from 40 to 300 mg/L. 

Trace metal concentrations in interstitial waters from the cropland field 
sites are generally very low and are in most cases below ICP-AES detection 
limits. For example, of the trace constituents known to be present in inor- 
ganic fertilizers, concentrations of molybdenum, nickel, lead, cobalt, 
chromium, cadmium, arsenic, selenium, antimony, vanadium, and beryllium are 
all below ICP determination limits. While in part this may be explained by the 
limited mobility of most of these metals in soils, it should also be recog- 
nised that the nitrate fertilizers are diluted considerably by precipitation 
to form solutions that are about a hundred times more dilute than the 5% 
solutions analysed. 

Not all of the trace ions present in the fertilizers are below ICP detection 
limits. Concentrations of manganese, barium, zinc, aluminum, phosphorous, cop- 
per, boron, and iron were present in measurable concentrations which is in 
contrast to the Type 1 uncontamlnated recharge waters which, for example, do 
not contain any measurable concentrations of boron or, in many cases, 
aluminum. Phosphorous concentrations (Figure 5.40) were elevated (10''' mg/L) 
in the upper 1 m of soil relative to the samples from the fallow field site 
(less than determination limit). However, the values are lower than observed 
at the urban road and snow dump sites. It should be noted from Figure 5,40 
that phosphates show a diecrease with depth, which reflects the tendency of 
phosphorous (in the anionic form of phosphate) to be strongly adsorbed in 
soils and undergo precipitation reactions as discussed in Section 3.3.3.4. In 
a study of anion mobility by Johnston et al. (1979), 98% of incoming phosphate 
was found to be retained in the upper 10 cm of the soil profile. Wiklander 
(1975) also maintains that phosphates are bound mainly in the upper part of 
the soi 1 profile, and undergo very 1 ittle leaching because they are so 
strongly adsorbed. Copper and boron are present 1n measurable quantities but 
their concentrations are only marginally above those expected in uncon- 
tamlnated Type 1A waters (Figures 5.38 and 5.41). Boron is probably the more 
significant of the two elements. Aluminum is also present in elevated con- 
centrations very close to the surface but is not detected at deeper sites. 
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Trace metal concentrations in the interstitial waters are similarly low. Con- 
centrations of chromium, cadmium, arsenic, nickel, lead, molybdenum, and 
cobalt in interstitial waters sampled from rural road sites are below ICP 
determination limits for these elements. Of the trace constituents normally 
found in road de-icing chemicals (Al , Ni, Fe, Cu and Ba), only Ba was 
regularly observed with Al , Fe and Cu appearing at detectable levels in only 
occasional samples. 

5.4.4. Cropland and fallow field sites 

Interstitial waters from the cropland and fallow field sites are low in total 
dissolved solids compared to urban road sites, but in comparison to uncon- 
taminated Type 1A recharge waters, they display considerable enrichment in 
both nitrate and chloride. At the site near Brantford, chloride concentrations 
range from mg/L to mg/L and concentrations of nitrate range from 50 to 
170 mg/L; at Milliken, chloride concentrations range from 180 to 585 mg/L and 
nitrates range from 40 to 300 mg/L. 

Trace metal concentrations in interstitial waters from the cropland field 
sites are generally very low and are in most cases below ICP-AES detection 
limits. For example, of the trace constituents known to be present in inor- 
ganic fertjlizers, concentrations of molybdenum, nickel, lead, cobalt, 
chromium, cadmium, arsenic, selenium, antimony, vanadium, and beryllium are 
all below ICP determination limits. While in part this may be explained by the 
limited mobility of most of these metals in soils, it should also be recog- 
nised that the nitrate fertilizers are diluted considerably by precipitation 
to form solutions that are about a hundred times more dilute than the 5X 
solutions analysed. 

Not all of the trace ions present in the fertilizers are below ICP detection 
limits. Concentrations of manganese, barium, zinc, aluminum, phosphorous, cop- 
per, boron, and iron were present in measurable concentrations which is in 
contrast to the Type 1 uncontaminated recharge waters which, for example, do 
not contain any measurable concentrations of boron or, in many cases, 
aluminum. Phosphorous concentrations (Figure 5.40) were elevated (10-i mg/L) 
in the upper 1 m of soil relative to the samples from the fallow field site 
(less than determination limit). However, the values are lower than observed 
at the urban road and snow dump sites. It should be noted from Figure 5,40 
that phosphates show a decrease with depth, which reflects the tendency of 
phosphorous (In the anionic form of phosphate) to be strongly adsorbed in 
soils and undergo precipitation reactions as discussed in Section 3.3.3.4. In 
a study of anion mobility by Johnston et al. (1979), 98% of Incoming phosphate 
was found to be retained in the upper 10 cm of the soil profile. Wiklander 
(1975) also maintains that phosphates are bound mainly in the upper part of 
the soil profile, and undergo very little leaching because they are so 
strongly adsorbed. Copper and boron are present 1n measurable quantities but 
their concentrations are only marginally above those expected in uncon- 
taminated Type 1A waters (Figures 5.38 and 5.41). Boron is probably the more 
significant of the two elements. Aluminum is also present in elevated con- 
centrations very close to the surface but is not detected at deeper sites. 
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FIGURE 5.39 Plot of nitrate concentrations versus depth, intefstitial waters 
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FIGURE 5.40 Plot of phosphorous concentrations versus depth. Interstitial waters 
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FIGURE 5.41 Plot of 



boron concentrations versus depth ^, interstitial waters 



5.4.5 Summary 

The interstitial water sampling program considered two non-point sources of 
chloride enrichment; road de-icing chemicals, and inorganic (and organic) fer- 
tilizers. At each of the sites, certain characteristics of the interstitial 
water chemistry were highlighted. It is important that these characteristics 
be examined in light of the chemical nature of the contaminants. 

At urban road sites C Figure 4.3; Site A) concentrations of chloride, sodium, 
sulphate, calcium, barium, chromium, selenium and manganese were found to be 
present in elevated concentrations throughout the profile in comparison to 
other investigated sites. Iron, aluminum, zinc, copper were also present In 
elevated concentrations at shallow depths (above 1 - 2 m) but showed little 
difference to other sites, deeper in the profile. The elevated presence of 
barium, iron, aluminum, and copper can be associated with their presence as 
trace impurities in road salt (see Section 5.3.4). However, the presence of 
chromium, arsenic, molybdenum, lead and cadmium which were not detected in 
road de-icing chemicals, clearly reflect the influence of a diverse range of 
other urban pollutants. 

Of the major ion constituents, chloride, sodium and calcium are the most im- 
portant indjcators of road salt contamination. The chloride is highly mobile, 
while sodium tends to undergo ion exchange with calcium. The presence of 
elevated calcium in groundwaters contaminated by NaCl road de-icing chemicals 
is a clear indicator that the contaminant has moved via a sub-surface route 
and has not simply leaked vertically into a- poorly sealed well. From a trace 
constituent standpoint, road de-icing chemicals are remarkably pure, contain- 
ing measurable concentrations of only nickel, iron, aluminum, barium and cop- 
per. Nickel appears to be immobile, and iron and aluminum are important con- 
stituents of soil and sediments. There are indications that copper and barium 
may be useful indicators of road salt contamination in certain situations. 
Also iodide appears to be useful, but only in situations where background con- 
centrations of iodide are known to be low (< 0.005 mg/L) . 

Analysis of interstitial waters at fertilized cropland sites, indicate the 
presence of nitrate, calcium, phosphorous, boron, copper, zinc, manganese, and 
iron. While all of these chemical parameters are present to some extent in in- 
organic fertilizers, care must be exercised in interpretation, as concentra- 
tions of many of the trace element parameters are closely similar to natural 
background concentrations. Other than, of course, nitrate, only phosphorous 
and boron showed any potential as indicators of fertilizer contamination. Both 
these elements, however, have limited mobility and may be adsorbed under 
suitable conditions. 
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6. USE OF TRACE CONSTITUENTS TO IDENTIFY NON-POINT SOURCE 
CONTAMINATION OF GROUNDWATERS - A DISCUSSION 



6.1 Introduction 

To be useful as diagnostic indicators of contamination, chemical constituents 
should display certain attributes. According to Clark and Piskin (1976) these 
properties are as follows: 

1) availability - the indicator should be present in distinguishing con- 
centrations In the contaminant. The range of concentration is generally 
greater than that in uncontaminated groundwaters. 

2) mobility - the indicator should be readily extractable from the con- 
taminant and it should be mobile in a wide variety of soils. It should be 
capable of dissolving in the Infiltrating precipitation; 

3) chemically unreactlve - the chemical parameter should be relatively un- 
reactive and not undergo ion exchange, or sorption as It migrates through the 
unsaturated zone. 

4) concentration - low concentrations of the chemical indicator should be 
present in uncontaminated groundwater in contrast to the chloride-enriching 
contaminant; 

5) easily detected - the chemical parameter should be easily measured by 
field methods as well as a wide range of analytical techniques. 

Few investigations have previously studied major, minor and/or trace con- 
stituent chemistry in an attempt to identify chemical indicators of specific 
contaminants. Beck and Howard (1986) suggested that I/Cl ratios may be used to 
distinguish between saline bedrock waters and road de-icing chemicals, while 
Clark and Piskin (1976) identified boron, iron, ammonia and total dissolved 
solids as useful indicators of landfill leachate contamination. The NO3/CI 
ratio has also been identified by Hill (1982) as a useful chemical indicator 
of groundwater contamination from fertilizers. 

In the current study, the approach has been to measure the background levels 
of a large suite of chemical parameters in uncontaminated and contaminated 
groundwaters in the Dufflns Creek-Rouge River basins. The large suite of 
chemical parameters provided a means of characterizing the groundwaters of the 
basin, with the result that anomalies due to contamination could be clearly 
identified. In particular, it was important to establish the chemical charac- 
ter of uncontaminated recharge (Type 1A) waters because it 1s these waters 
which are most prone to contamination. However, it was also necessary to docu- 
ment the changing chemical character of the groundwaters as they moved through 
the basin. 
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To identify potentially useful chemical source indicators of groundwater con- 
tamination, five well established groundwater contaminants were also chemi- 
cally characterized using the same suite of parameters used for the 
groundwaters. Emphasis was placed on two groups of non-point source con- 
taminants as outlined in previous sections (3.3 and 5.3.2). In an attempt to 
understand the extent to which the source contaminants are modified during 
sub-surface transport, site investigations were undertaken in areas believed 
to be affected by specific contaminant sources. These investigations focused 
on contamination by road de-icing chemicals and chemical fertilizers. 

6.2 Discussion 

6.2.1 Road de-icing chemicals 

As shown in Section 5.3, road de-icing chemicals are chemically very pure, 
consisting mainly of sodium (o r calci um in the case of CaCU) and chloride, 
together with minor amounts o f^ulDhaTeT~Tnagne5Tum and'galc UJgu.— Ih e. road s alts 
also contain trace amounts of(bari urn, cop per, nickel, iron, and ali«i1nuw|) all 
other trace elements were below ICP determination limits. Minor ion analyses 
showed the road salts to be depleted in iodide relative to seawater. 

The interstitial water sampling program showed that many of the constituents 
present in road salt are mobile in the shallow subsurface. Such constituents 
include chlo ride, sodii^ , s ulphate, calcium, and barium . Nickel appears to be 
immobile; copper, iron ana~5Tuminum nave only limited mobility. ^a**^^^^^ 

To identify possible chemical indicators of road salt contamination, 
groundwaters believed to be contaminated by road salt (Type IS) were initially 
compared to uncontaminated recharge waters (Type 1A). Particular consideration 
was given (though not restricted to) those constituents which a) were iden- 
tified in the source road de-icing materials and b) were found to be capable 
of migrating in the unsaturated zone (i.e. Ba, Cu, Fe, and Al). The following 
observations can be made: 

1. Interstitial pore water studies suggested that aluminum and nickel \ 
which are present as trace impurities in road salts, have relatively low 
mobilities. Aluminum was measured in only the top 1 to 2 m of the 
soil/sediment profile adjacent to urban roads; nickel was not found at 
all. Their presence, therefore, in elevated concentrations in Type IS 
waters deserves careful attention. The apparent anomaly is best ex- 
plained by considering the detection limits of the analytical methods. 
It wou 1 d appear that use of a pre-concent rat 1 on techn 1 que to improve 
detection levels in the large groundwater samples reveals the presence 
of nickel and aluminum at concentrations which would not have been 
detected in the smaller pore water samples. In conclusion, it would ap- 
pear that both aluminum and nickel have a potential use as indicators of 
road salt contamination provided adequate analytical methods are avail- 
able. Nickel shows perhaps more potential than aluminum, as analytical 
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data for older uncontaminated water Types 2A through 4A which show sig- 
nificant concentrations of aluminum that are presumably natural ly 
derived from the sediments. 

2. Measurable concentrations of arsenic and antimony are exclusive to 
the contaminated Type 1 (1U, IS, IN) waters, and are not present in 
Types 1A, and 2A through 4A. The presence of arsenic and antimony 1n the 
Type IS waters is unexpected as these elements are not present in road 
salt at source. However, these elements are present in albeit low con- 
centrations in inorganic fertilizers such as ammonium nitrate, and it is 
possible that some waters classified as Type IS, particularly in fertil- 
ized areas are contaminated in this way. 

3. Boron is another example of an element which is not detected in 
road salt at source, but occurs in waters classified as Type IS. It also 
becomes elevated in water Types 2A through 4A waters relative to all 
Type 1 waters. Boron has a wide variety of industrial and agricultural 
uses, and its presence in Type 1S waters is a useful illustration of the 
way in which waters susceptible to pollution (perhaps due to shallow 
depth and urban location) are frequently contaminated by more than one 
chemical source. 

4. .Barium is one of five trace constituents of road salt that appears 
to be mobile in the unsaturated zone and which may have potential as an 
indicator of road salt contamination under suitable conditions. Figure 
6.1 shows two dilution curves (A and B) representing the m ixing an d 
dilution of 5X road salt solutions, containing approximate! y(2jn3ZiZ!llI^ 
with Type 1A waters. The Type IS waters plot close to these dilution 
lines, but since these waters represent relatively dilute solutions CCl 
of the order of lOOmg/L), the Ba concentrations In two of the three 
samples are not significantly different from concentrations observed in 
Type 1A waters. However, as indicated by the diagram, Ba may prove a 
significant indicator of road salt contamination at higher salinities on 
the proviso that its enrichment is not limited by solubility con- 
straints. For example, most barium sa lts are relatively insoluble and 
high significant concentrations of sulphate and carbonate in particular 
may cause pre cipitation . High concentrations of sulphate in the un- 
saturated zorie adjacent to urban roads would explain why urban road in- 
terstitial waters plot below the dilution curves In Figure 6.1. It 
should be noted that barium is also a significant component of saline 
bedrock waters. 

5. Copper is also one of the few trace constituents of road salt thatL 
is relatively mobile in the unsaturated zone and is potentially useful j 
as an Indicator of road salt contamination. Unfortunately, copper is \ 
also a significant trace constituent of some phosphatic fertilizers; it ) 
also occurs in elevated concentrations in saline bedrock waters. Thus 
its use as an indicator element is somewhat limited. 

6. Iodide/chloride ratios are probably the most reliable indicator of 
road salt contamination. Road de-icing chemicals are significantly 
depleted In iodide (I/Cl = 10'^) relative to seawater (I/Cl = lO'^) and 
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saline bedrock waters (IO-2 to 10"*). Provided that the issue is not 
confused by the dilution of low iodide road salt solutions with rela- 
tively high iodide fresh groundwaters, I/Cl ratios have considerable 
potential for diagnostic purposes, particularly when used and inter- 
preted 1n combination with other indicator elements. 
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7. Many groundwaters contaminated by road salt show high Ca and rela- 
tively low Na concentrations, the result of ion exchange as the road 
salt pervades the aquifer. The presence of ion exchange indicates that 
the saline water is actively entering a region which has not previously 
experienced high Na waters. Consequently there are considerable amounts 
of calcium ions available at exchange sites. In general, saline bedrock 
waters tend to be more extensive and rapidly exhaust exchangeable cal- 
cium. Thus, unless saline bedrock waters are actively moving into parts 
of the aquifer which have had no previous experience of saline (high 
sodium) water, such waters tend to exhibit relatively low, more natural, 
Ca/Na ratios. 



6.2.2 Inorganic fertilizers 

Identifying, potential chemical indicators of inorganic fertilizer contamina- 
tion is more difficult due to very diverse chemical character of many of the 
fertilizers currently in use. As discussed in Chapter 5, Inorganic fertilizers 
are characterized by different suites of major, minor and trace element con- 
stituents depending on the crop type and potential soil deficiencies. In many 
cases different fertilizers are applied each year, a consequence being that 
some pore waters underlying agricultural land may exhibit an usually large 
range of trace chemicals. 

To identify possible chemical indicators of inorganic fertilizer contamina- 
tion, groundwaters believed to be contaminated by fertilizers (Type IN) were 
compared to uncontaminated recharge waters (Type 1A). As in the case of road 
salt, particular consideration was given (though not restricted to) those con- 
stituents which a) were identified in the source fertilizer materials and b) 
were found to be capable of migrating in the unsaturated zone (i.e. ionic con- 
stituents and B, Mn, Cu, Fe, and Zn). However, some consideration was also 
given to apparently less mobile constituents as it was recognized that such 
constituents could be mobile at sites more sandy (less clay rich) than that 
investigated. 

1. In general, and as be would expected, the two primary types of fer- 
tilizer - phosphate fertilizers (mono- and di- ammonium phosphate) and 
nitrogen fertilizers are clearly distinguishable by the respective 
presence of phosphate and nitrate. Phosphate fertilizers also show 
elevated concentrations of iodide. Elevated nitrate concentrations are 
commonly observed at sites contaminated by nitrogen fertilizers; phos- 
phates, on the other hand, tend to be considerably less mobile and much 
less commonly observed in sub-surface waters. 
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2. Unlike road de-icing chemicals which exhibit a very limited range of 
trace chemical constituents, fertilizers appear to contain an extraordi- 
nary wide range of chemicals including the more exotic elements such as 
antimony and arsenic. Significantly elevated arsenic and antimony con- 
centrations were observed at several well water sampling sites. In fact 
the enrichment in arsenic and antimony appears to be restricted entirely 
to waters classified as contaminated Types IS, IN, and 1U. It is further 
noted that the interstitial water sampling program did not Indicate the 
presence of arsenic and antimony. This is possibly explained by the 
clayey soils of the cropland sites which would likely have Immobilized 
these elements. Sandy soils which prevail along the Oak Ridges of the 
Duff ins Creek-Rouge River drainage basins are less likely to inhibit 
trace metal migration. 

3. Boron is one of the more important trace constituents of fer- 
tilizer. It is also, however, present in domestic sewage and a wide 
range of industrial products. Boron was not detected in uncontaminated 
Type 1A waters, but was identified in Type IN waters beneath the sandy 
soils of the Oak Ridges. While the origin of the boron in these waters 
would appear to be anthropogenic, its source must remain speculative. 

4. Two other trace fertilizer constituents, zinc and manganese, were 
found. to be mobile in the unsaturated zone, being present in the subsur- 
face at the cropland site. Unfortunately, both zinc and manganese occur 
naturally in groundwaters and no significant differences are evident 
between the Type 1A and the contaminated Type IN waters. 

.&. Many of the contaminated Type 1 waters which were classified by 
Beck (1985) as undifferentiated (Type 1U) showed measurable concentra- 
tions of nickel and aluminum. While their presence may be associated 
with road salt contamination as discussed in Section 6.2.1., it is noted 
that nickel and aluminum are also present in significant amounts in am- 
monium nitrate and both phosphate fertilizers. Nickel is particularly 
interesting in this regard as it is not usually present in uncon- 
taminated Type 1A groundwaters. 
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7 CONCLUSIONS AND RECOMMENDATIONS 
7.1 Conclusion 
At the outset to the study, three objectives were set: 

1) To determine the natural background levels of major ions (Ca, Na, Mg, 
K, HCOa, 01, NOs, and SO4), minor ions (I, F, Br) and trace metals ( Mn. P, 
Al, Fe, Ba, B, Cd, Cr, Co, Be, Sb. As, V, Zn) in uncontaminated, naturally 
evolving groundwaters in shallow, surficial sediments. 

2) To characterize potential contaminant sources by means of major Ion, 
minor ion and trace metal parameters, in order to identify constituents which 
may prove diagnostic indicators of contaminant source. 

3) To confirm that non-point source contaminants are accumulating in the 
shallow sub-surface, and to develop, through a knowledge of their sub-surface 
chemical character, a convenient and definitive hydrochemical method of iden- 
tifying the contaminant origins. 

It is clear that while considerable progress has been made towards all three 
objectives,, there exists no simple, definitive chemical means of identifying 
sources of low level groundwater contamination. This does not imply that inor- 
ganic chemical parameters do not have a role to play in source identification. 
It does mean, however, that inorganic chemistry must be interpreted carefully 
and selectively with due consideration to the degree of dilution, background 
hydrochemistry and the influence of chemical solubility and processes such as 
ion exchange. 

The following summary examines the conclusions as they relate to each of the 
objectives listed above. 

7.1.1 Background hydrochemistry 

The importance of understanding the background geochemistry of the 
groundwaters is amply demonstrated by the study. Since most cases of 
groundwater contamination involve considerable dilution of the contaminant, 
the chemical characteristics of the resulting solution is clearly dominated 
by the chemistry of the original groundwater. The situation is further compli- 
cated by the realisation that groundwater chemistry is not constant, but 
changes naturally due to rock-water interactions as it moves through the sys- 
tem. 

During the study , background levels of major, minor, and trace constituents 
were establ ished for naturally evolving uncontaminated groundwaters in the 
Puffins Creek-Rouge River basins. It was shown that the distribution of many 
trace and minor constituents (e.g. Ba, Cu, Fe, Al, Mn, V, I) in the basins are 
closely related to the distribution of major ion groundwater types suggesting 
that the concentrations of these constituents are primarily controlled by 
natural chemical evolutionary processes and are minimally influenced by con- 
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tamination. In contrast, the apparently random distributions of other trace 
constituents (e.g. As, Ni, Sb, Cr, Pb, Mo) indicate more local influences and 
are presumably related to contamination. It is clear from the regional study, 
that while very few (if any) sites in the Duffins Creek - Rouge River drainage 
basins can be classified as "polluted" (i.e. contaminated to the extent that 
water quality guidelines are exceeded), the majority do contain several con- 
stituents at concentrations that are atx)ve natural background levels. 



7.1.2 Potential contaminant sources 

The chemical compositions of the more Important sources of chloride enrichment 
have been clearly documented. These sources include road de-icing chemicals, 
fertilizers, leachates, animal manures and bedrock waters. In each case over 
thirty chemical parameters have been determined. 

The most important finding in this part of the study is the high degree of 
chemical purity associated with the two primary source contaminants - road 
de-1c1ng chemicals and fertilizers. The road de-icing chemicals (NaCl and 
CaCl2) were determined to consist of chloride and sodium (or calcium in the 
case of CaCl2), together with sulphate and trace amounts of barium, copper, 
iron, aluminum, and nickel. No other trace metals were identified. When It Is 
recognised that the road salt solutions analysed contained approximately 
30,000 mg/L Cl and 20,000 mg/L Na, the levels of sulphate (200 mg/L) and the 
trace metals (between about 5 and 200 mg/L) appear insignificant. It should 
also be noted that the road de-icing chemicals contain extremely low levels of 
iodide to the extent that they are depleted in iodide relative to seawater. 

The inorganic fertilizers show considerable variation in their chemical com- 
positions, but again exhibit unusually high purity with regard to their 
primary components. For example the lOX solutions of fertilizer analysed con- 
tained close to 100,000 mg/L of the primary components (e.g. nitrate, phos- 
phate, ammonium ions) but typically contained less than 3000 mg/1 sulphate, 
less than 100 mg/1 sodium, and with the exception of aluminum (7 mg/L), less 
than 1 mg/L of each of the trace metals. 

With regard to the other potential non-point sources of chloride, the highly 
saline bedrock waters also tend to be extremely pure with trace metals in the 
1 - 20 mg/L range, even though chlorides reach nearly 300,000 mg/L. In most 
cases, the bedrock waters also exhibit a relatively high iodide concentration, 
thus distinguishing them from road de-icing chemicals. High iodide is also a 
character of local low salinity bedrock waters (Cl of the order of 100 mg/L). 



7.1.3 Contaminant source indicators 

The interstitial water sampling program focused on the behaviour of two non- 
point sources of chloride enrichment: road de-icing chemicals and inorganic 
(and organic) fertilizers. Close consideration was also given to bedrocK 
waters as they can represent an important non-point source of contamination in 
specific areas. 
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The study confirms that non-point contamination of shallow groundwaters by 
chloride sources is an extensive problem. In the Duffins Creek - Rouge River 
drainage basins, the considerable majority of groundwaters sampled contained 
chloride in excess of 5 to 15 mg/L, the range of concentration which is es- 
timated to represent background in natural ly evolving un contaminated 
groundwaters. Considerably elevated chloride concentrations were found in pore 
waters at alj (over 20) auger sites. This includes the "fallow field site" 
selected initially as a control site, where chloride concentrations of several 
hundred mg/L were recorded. 

Conclusive identification of contaminant sources was found to be more dif- 
ficult. The recognition of suitable source indicators is complicated by four 

factors: _ , 

1) Source geochemistry - All the non-point sources investigated were found to 
be unusually pure with very few, if any, potential diagnostic indicators (see 
Section 7.1 .2). 

2) Dilution - levels of contamination in most of groundwaters investigated 
were extremely low; very few showed chloride concentrations in excess of 100 
mg/L chloride. In many cases this represents a dilution of the contaminant of 
at least 100 to 1. Potential chemical source indicators are similarly diluted. 

3) Mixing of contaminants - The wide range of trace elements measured in 
elevated concentrations both in the groundwaters and in the interstitial 
waters show that many sites are contaminated by more than one chloride source. 
This is especially true in urban areas where interstitial pore waters 
revealed, in addition to NaCl, extremely high sulphate concentrations (not 
present in road de-icing chemicals) and elevated concentrations of several of 
the more exotic heavy metals. 

4) Soil geochemistry - The interstitial pore water studies indicate that the 
mobility of many of the trace elements are controlled by soil and sediment 
geochemistry. In urban areas elevated concentrations of several trace metals 
were limited to the upper 1 to 2 m of the soil profile; nickel was not 
detected at all. It is clear that the use of some diagnostic source indicators 
may be limited to soils and sediments which do not inhibit their migration. 

Despite these difficulties, there remain several chemical parameters which can 
provide useful diagnostic information on sources providing conditions are 
suitable. For most (though not all) of these potential diagnostic indicators, 
these conditions include 

a) the background chemistry of the water is well known; 

b) the soils are relatively sandy and generally free of clays and hydrous 
oxides of iron and manganese which may inhibit trace metal migration; 

c) contamination is well established and not excessively diluted. 
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Given these constraints, the trace element geochemistry of the source 
materials can provide a distinctive signature to the resulting contamination. 
For example, in the case of road de-icing chemicals the trace impurities ap- 
pear to be strictly limited to barium, copper, iron, aluminum and nickel. On 
the understanding that the mobility of any of these metals may be impaired by 
local geological conditions, and that groundwater dilution may reduce the 
levels to Insignificant concentrations, the presence of any or all of these 
elements In association with high levels of chloride is probably a good In- 
dication of a road salt origin. If iodide data are available and background 
concentrations of Iodide are low, then low iodide/chloride ratios would 
provide further confirmation of a road salt origin. The existence of elevated 
sulphate (not present to a large extent In road de-icing chemicals) or other 
trace metals, would be a reasonable indication that sources other than, or In 
addition to, road de-Icing chemicals are responsible for the contamination. 
For example, the trace metals chromium, selenium, arsenic, molybdenum, lead, 
and cadmium were present in measurable concentrations at the urban road sites 
and presumably represent contamination by urban and industrial sources such 
as chemical manufacturing and automobiles. Also, the trace elements boron and 
zinc were detected in all the bedrock waters Investigated and may prove useful 
indicators of these waters as a contaminant source. It should also be noted 
that most of the bedrock waters are considerably enriched in iodide, and 
therefore are usually distinguishable from road salts on this basis alone. 

With regard to agricultural activities, the interstitial water studies at 
cropland sites known to have been exposed to contamination from inorganic fer- 
tilizers, have indicated that the principal constituents of fertilizers enter- 
ing the subsurface are nitrate, calcium, sulphate, boron, copper, zinc, man- 
ganese, and iron. There are indications that the clayey soils of the sites 
investigated may have limited the mobility of many of the trace elements. As 
a result, It is thought that a larger suite of potential indicators of fer- 
tilizer contamination may be available in areas of sandy soil. These in- 
dicators include nickel, aluminum, antimony and arsenic, all of which were 
found In contaminated groundwaters (lU and IN). 



7.2 Recommendations for further work 

Based on conclusions reached in this study, it is recommended that further 
work be focused 1n the following areas: 

1) Acid rain 

It is suspected that a number of unexpected elements observed in the intersti- 
tial water sampling program may have been released from the soils and sedi- 
ments by acid rain. Studies in northern Europe have Indicated that acid rain 
can significantly alter the chemistry of the groundwater. Since a knowledge of 



background chemistry is essential if contaminant sources are to be identified, 
it is important that the effects of acid rain on groundwater quality be quan- 
tified. 



2) Column studies 

While the interstitial water sampling was generally successful, interpretation 
of the data was severely complicated due to the obvious presence of more than 
one contaminant at virtually all the sites investigated. To clarify a number 
of the findings, It is strongly recommended that further work be undertaken to 
study the soil-water interactions of specific contaminants . Ideally this would 
be carried out using field installed soil columns. 



3) Geochemlcal modeling 

The study has provided an extensive data base which would benefit from further 
analysis using geochemical modeling techniques. This approach would permit a 
closer evaluation of the trace element solubility constraints and the impor- 
tance of rock-water reactions. 
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APPENDIX I- AKALYTICAL METHODS 



I . 1 Introduction 

Well water samples were analyzed for pH, the major ions Ma, Ca, Mg, NCb , HCOs , 
SO*. CI; the minor ions K, COs , I, F, Br; and the trace constituents Mn, P, 
Mo, Al, Zn, Ni, Fe, Pb, Cu, Co, Cr, Cd, S, As, Se, Sb, V, B, Ba, and Be. 

Interstitial pore water samples aixi contaminant samples were also analyzed for 
the same suite of major, minor and trace constituents where possible. However, 
sc»ne difficulties were encountered depending on the nature and volume of the 
sample. For example, many of the interstitial water samples were taken from 
unsaturated sediment, and in many cases, insufficient amounts of water were 
available for a complete analysis. Also, scane of the contaminant samples were 
too turbid, despite repeated filtering, for analysis by colorimetry, induc- 
tively coupled plasma or atomic absorption or flame emission. 

All major cations and minor anions were measured in the laboratories of the 
lAiiversity of Toronto's Groundwater Research Group at Scarborough College; the 
trace constituents were measured at the University of Toronto ' s Inductively 
Coupled Plasnta Laboratory at the Institute for Environmental Studies. 

Towards the end of the study, it was decided to attempt elejDental analysis of 
some of the sediment materials from selected auger locations. These were 
analyzed for minor and trace constituents at the lAiiversity of Toronto's Slow- 
poke II Nuclear Reactor Facility. 

This Appendix describes the analytical techniques adopted for the study. Some 
background theory is given for each analytical technique, and this is followed 
by a brief summary of the method applied to specific parameters and groups of 
parameters . Typical calibration curves will be shown where used. Appendices 
II, III, IV, and V provide the analytical results for the well water, inter- 
stitial water, contaminant and sediment sample suites respectively. The preci- 
sion of the major cation and anion analyses is shown in Table I.l. Values of 
precision were determined using the relative standard deviation or coefficient 
of variation, according to the equation: 

' Ct = lOOs/x (I.l) 

where s is the standard deviation and x is the mean of n observations 
(American Public Health Association, 1985). For the values listed, calcula- 
tions were based on 8 replicate sample analyses. 
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Table 1 , 1 SunanEury of the analytical techniques for mEijor cations and anions 



C^aoical 
Parameter 



Analytical Method 



Precision 

(X) 



pH 


Specific ion electi-ode 
potentiometry 


0.2 


NOs 


Specific ion electrode 
potentiometry 


1.8 


F 


Specific ion electrode 
potentiometry 


not determined 


CI 


Specific ion electrode/ 


0.9 




Titration 


not determined 


HOO3 


Titration 


0.02 


SO4 


Turbifiimetry/ 

Inductively coupled plaMnw 


4.3 


I 


Colorimetry 


0.07 


Br 


Colorunetry 


0.7 


Ca 


Atomic absorptiOTi spectrcanetry/ 
Inductively couple plasma 


0.4 


Mg 


Atomic absorption specti'ometry/ 
Inductively coupled plasma 


0.3 


Na 


Flame emission spectrometry 


0.4 


K 


Flame emission spectrometry 


1.2 



1.2 Potent iometric Methods 

Potentiometry is a water chemistry technique which is based on the relation- 
ship between the potential of an electrochemical cell and the ccmcentration of 
the analyte. The method utilizes an ion selective electrode which responds to 
the concentration by changes in pot«itial between a reference electrode which 
provides a constant half cell potential, and an ion meter to measure changes 
in voltage. The ion selective electrode is a membrane electrode which uses 
ions to carry current from the sample solution across the membrane to the 
reference solution (Midgley and Torrance, 1978). The result is that a change 
in potential develops across the membrane of the ion selective electrode that 
is related to the change in the analyte concentration (or more accurately, 
activity). Since the m«nbrane potential cannot be measured, the difference in 
potential between the reference and the ion selective electrode is measured 
(Herman. 1981). The relationship between the potentisd and the analyte con- 
centration is given by the Nemst equation. 



E = E° +2.303 RT/nF log C 



(1.2) 



where Eo is the reference potential, R is the gas constant, T is the absolute 
temperature, n is the number of electrons, F is the Faraday constant, and C is 
concentration of the ion. 
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All the potent iometric analyses described below were made using an appropriate 
ion selective electrode connected to either an Orion 407A Ion Analyzer or a 
Fisher Accumet Selective Ion Analyzer (Model 750). 



1.2.1 pH 

The pH of all the well water samples was measured in the laboratory within 6 
hours of collection; the f^ of contaminant samples and interstitial water 
samples was determined within 24 hours of collection. pH was measured using an 
Orion combination pH electrode (Cat. No. 91-05). The meter was calibrated 
using Fischer standard buffer solutions of pH 4, 7, and 10. The electrode was 
attached to an Orion lonanalyzer or a Fischer Accunet Selective Ion Analyzer 
(Model 750). 

Procedurally the analytical technique is very simple. The pH electrode is in- 
serted into polyethylene tubes or vials containing 10 to 15 ml of sanqple, and 
stirred to ensure homogeneity. Measurements are taken when a stable reading is 
obtained, usually within one or two minutes. 



1.2.2 Cliloride 

Two methods were used to measure chloride concKitrations . One method involved 
titration and is discussed under the volumetric methods section. The second 
method was a direct meEisurem^it method using an Orion model 94-17 combinaticm 
electrode filled with Orion 90-00-17 solution and attached to the Fischer Ion 
Analyzer (Model 750). For this method the chloride electrode was calibrated 
using 10, 100, 1000 ppm standards. To ccmduct the analysis, 10 ml of sample is 
pipetted into a besdter and 0.2 ml of ionic strength adjuster (ISA) is added. A 
typical calibration curve is shown in Figure I.l. Samples with 1000 mg/L CI or 
greater are diluted 1:10 with double distilled water and re-analysed. 



1.2.3 Nitrate 

All samples were analyzed for NOa using an Orion model 93-07 nitrate electrode 
combined with an Orion 90-02 double junction reference electrode attached to 
the Fischer or Orion Ion Analyzer. The nitrate electrode was calibrated using 
N standards of 1, 10, 100 ppm N. A typical calibration curve shown in Figure 
1.2 shows a linear response over most of the range of interest. Samples with 
NOi concentrations beyond the linear range were diluted with double distilled 
water and re-analysed. 

Procedurally, the analysis requires 10 mL of sample to which has been added 
0.2 ml of I.S.A. (ionic strength adjuster). The sample is stirred using a mag- 
netic stirrer and a N-nitrate measurement is recorded after the reading stabi- 
lizes . Since the instrument is calibrated using nitrogen standards , the 
nitrate concentration of each sample can be determined by the formula: 

N X 4.43 (mg/L) = NOs (mg/L) (1.3) 
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1.2.4 Fluoride 

Fluoride measurements were made lising an Orion combination fluoride electrode 
96-09 attached to the Fischer or Orion ion analyzer. The fluoride electrode 
was calibrated using 0.1, l-O, 10 ppm F standards which were equilibrated to 
room temperature. A linear response was observed to 1 ppn fluoride as shown in 
the typical calibration curve in Figure 1.3. 

In this method, analyses are conducted on 2 mL samples to which hsis been added 
2 mL of total ionic strength adjuster (TISAB) containing cyclbhexylene 
diamine- tetra-acetic acid (CDTA). The CETTA breaks down conplexes involving 
A13+ , Fe3+ and the F^ ion {American Public Health Association, 1985). Samples 
are constantly stirred and measurements are taken after the reading stabi- 
lizes. Between measurements the electrode is rinsed in double distilled water 
and blotted dry. 

For very low levels of F" , a low level measur«nent technique was used in which 
low level TISAB without CDTA is added to the sample. The electrode was 
calibrated using 0.1 and 1.0 ppm P- standards. 

1.3 Colorimetry 

Colorimetry is beised on absorptionetry, that is, the absorption of electromag- 
netic radiation by compounds. Conimonly the range over which absorbance is 
determined is approximately 200 to 750 nm. The method is based on the fact 
that many substances , metals for exan^le , form intensely coloured complexes 
upon reaction with organic reagents. When radiant energy or light is applied 
to solutions containing these complexes, certain wavelengths are absorbed as a 
function of the concentration of the colour forming complex. Tliis in turn can 
be related to the concentration of the element/ion of interest (Robinson, 
1982). 

The colorimetric technique was used for the determination of iodide and 
bromide, using a Gary 14 spectrophotometer and a visible light source. 



1.3.1 Iodide 

Iodide concentrations of samples were measured using a catalytic reduction 
method described by Pacey (unpublished). However, the reader is referred to 
Lloyd et al. (1982) for the relevant reaction, 

2Ce** + As3» = 2C:e3* + As** (1.4) 

The reaction involves the reduction of Cerium (Ce** ) by arsenic (As^* ) in the 
presence of iodide vrtiich acts as a catalyst. Since C^*+ ions are yellow and 
cerrous ( Ce^ * ) ions which are colourless , the reaction can be followed 
photCHDetrically. Details of the method are as follows: 
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1 ) 5 mLs of standard or sample are pipetted into a test tube 

2) to each test tube 0.5 mL of O.IN arsenious acid and 1 drop {0.05 mL) of 
sodiiim chloride is added. 

3) the niixtiire is placed in a 30«C water bath 

4) 0.5 mL of 0.05 M eerie sulphate is added to eac^ test tube at 4 minute in- 
tervals. 

5) Exactly 10 minutes after the addition of the eerie sulphate, the colour 
density of that san^le is measured at 420nm on the spectrophotometer. 

A typical iodide calibration curve is shown in Figure 1.4. 



1.3.2 Bromide 

Bromide concentrations in all the samples were measured using a phenol red 
technique. The technique works on the principle that when samples containing 
bromide ions are treated with a dilute solution of chloramine-T, in the 
presence of phenol red, , the oxidation of bromide and subsequent bromination 
of the li^enol red occur readily. Unbrominated phenol red is yellow in colour 
and turns reddish to violet upon formation of the brominated ccxnpound. As with 
iodide, the reaction may be measured frfiotcsnetrically. The method is as fol- 
lows: 

1) 5 mL of standard or sample is pipetted into a test tube 

2) to each test tube 0,2 mL of acetate buffer solution and 0.2mL of phenol red 
solution are added. 

3) the mixture is placed in a 30»C water bath 

4) 0.05 mL of chloramine-T solution is added to each tube in 4 minute inter- 
vals so that exactly 6 minutes after each addition the absorbance can be 
measured on the spectrophotcxDeter . Measurements were taken at a wavelength of 
590nm. 

A typical calibration curve is shown in Figure 1.5. The calibration curve 
ranains linear up to about 4 mg/L Br. 

1.4 Turbid imptry 

Turbidimetric methods are similar to colorijnetric methods except that they 
rely upon light absorbance by crystals suspended in solution . rather than upon 
the absorbance of light by coloured solutions . One problan of the technique is 
that suspended material in the samples may seriously interfere with the 
analyi:ical results. 
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Figure 1.5 Calibration curve for bromide 
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Figure 1.5 Calibration curve for sulphate 



1.4.1 Sulphate 

Sulphate concentration was measured using a turbidimetric method outlined by 
American Public Health Association ( 1985 ) . This method is based on the forma- 
tion of barium suli^iate cxTstals when barium chloride is added to solutions 
containing sul^idiate ions in an acetic acid mediun. The method is as follows: 

1) 50 mL of sample is placed in an EmlenmeT^r flaak 

2) if the sample is expected to have a siilphate concentration > 15 mg/L, 10 mL 
of a buffer solution containing sodium acetate, potsissium nitrate, and mag- 
nesii.nn chloride is added. 

3) if the sample is exp}ected to have a sulphate concentration < 15 mg/L, 10 mL 
of a buffer solution containing sodium acetate, potassium nitrate, magnesium 
chloride, and sodium sulf^iate is added. 

4) the sample is then stirred with a magnetic stirrer. 

5) 0.25 to 0.35g of 20 to 30 mesh BaClj is added to the sample, the amount 
added being such as will dissolve within 10 to 30 seconds. Ilie tijne of addi- 
tion is noted to the nearest second. 

6) stirring is continued for 1 minute and the absorbance at 420 nm is read 
after 5 minutes using a Bausch & Lranb Spectronic 20 p^otcmeter. 

7) a series of standards fron 10 to 150 ppm sul];^iate are used to calibrate the 
Tactometer. A typical calibration cui-ve is shown in Figure 1,6. 



1.5 Atomic Absorption Spectrometry 

Atomic absorption spectrometry is based on the principle that valence 
electrons of atcHns ateorb quanta of ultraviolet and visible light radiation 
and undergo a resonance transition from the ground state to a low excited 
state. The resonance transition is the only important transition in atcanic ab- 
sorption spectrometry (Robinson, 1982) . If a solution containing a metallic 
element such as Ca is aspirated into a flame and a beam of monochromatic light 
of the same wavelength that the Ca atoms would emit, if excited, is passed 
through the flame, a certain amount of the light will be absorbed and its in- 
tensity will decrease. The decrease in intensity of the resonant monochrcanatic 
light can be measured using a spectrophotometer. Since the amount of light ab- 
sorption is directly proportional to the concentration of neutrsd. Ca atoms in 
the flame, the concentration of the element in the solution may be determined 
from absorbance measurements. 
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Figure 1,6 Calibrarion curve for sulphate 



1.5.1 Calcium and Ma^nesiixn 

Ceilciura and magnesium were measured using atCHnic absorption spectrometry. The 
atomic absorption unit on the Jarrell Ash model 82-270 was calibrated using Ca 
and Mg standards of 2, 5, 10, 20, 30, 40, 50, 60, 70 75, and 100 ppm- Percent 
absorption was recorded, and absorbance was calciilated according to the for- 
mula: 

A = 2 - log (100 - % absorption) (1.5) 

To eliminate phosphate interference, 1 mL of lanthanum oxide solution was 
added to 10 mL of both samples and standards. Calibration curves for magnesium 
and calcium are shown in Figures 1.7 and 1.8 respectively. Saaiples which con- 
tained greater than 100 mg/L of C:a or Mg were diluted and rerun. 

1.6 Atcauic Emission Spectrometry 

Atomic emission spectrometry (AES) is based on the principle that atoms ^Aiich 
have absorbed radiant energy and have undergone a transition to a high energy 
state will emit a characteristic amount of energy in returning to the neutral 
state. In atomic emission spectrography , flame, electrical discharge, plasma, 
or lasers may be used to excite atoms (Robinson, 1982). Irrespective of the 
excitation source, the atoms emit photons of light energy as they return to 
their neutral state. "Hiis energy will provide a measure of the nunber of atoms 
present . 

A.E.S. was used to measure sodium and potassiun by means of a Jarrell- 
Ash flame emission unit . This, is described in section 1,6.1. A second tech- 
nique, ICP-AES, in which a plasma (an ionized gas) is inductively coupled to a 
power source was used to measure 22 trace elements (section 1.6.2). 



1.6.1 Sodium and potassium 

Sodium and potassi\jn were measured using flame emission spectrcMnetry, a tech- 
nique in which atoms are excited by means of an air-acetylene flame. The 
Jarrell-Ash spectrophotometer was calibrated using blanks and 2, 5, 10, 20, 
30, 40, 50, 60, 70, 80, 90, 100 ppm Na and K steindards to which lithium 
chloride had been added. Percent emission wsis recorded, and optical density 
was determined using the formula: 

optical density = 2 - log (percent emission) (1.6) 

The calibration curves for Na and K are shown in Figure 1.9 and 1. 10 respec- 
tively. 
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Figure 1.7 Calitration curve for magnesium 
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1.6.2 Trace elanents 

To measure the concentrations of twenty- two elements in the well waters, con- 
taminants, and interstitial pore waters, inductively coupled plasma was used. 
As mentioned in section 1.5, exciting atoms may be accomplished by inductively 
coupling a plasma (ionized gas) to a power source (Pinta, 1978). Hie degree of 
ionization varies. In the inductively coupled plasma system, argon gas is 
directed into a tube surrounded by an inductiOTi coil. An alternating current 
at a frequency of 30 >filz is applied to the induction coil resulting in the 
formation of a high frequency magnetic field. "Hiis causes the normally non- 
conductive argon gas to became slightly ionized. The initial few ions are im- 
mediately affected by the magnetic field; they begin to oscillate at the same 
frequency as the RF coil and collide with other argon atoms, "niis results in 
the ionization of many argon atoms, and the formation of a plasma. At a tem- 
perature of 6500* K and a frequency of 30 MHz the plasma is shaped like a 
doughnut (Pinta, 1978; Robinson, 1982). A second stream of argon is directed 
around the central argon stream (the plasma) to prevent contact and the poten- 
tial melting of the quartz tubing. 

Once the plasma is formed, the sanople is aispirated into the interior of the 
plasma via a nebulizer. Most of the sample is atomized by the heat of the 
plasma (the sample atoms collide with argon ions and become ionised (Pinta, 
1978)). This excitation results in intense emission and a spectrometer is used 
to isolate the anission spectral lines (Robinson, 1982). Technically, this is 
achieved by directing the onitted radiation through a primary slit and onto a 
grating which breaks it into ccxnponent wavelengths. The radiation then passes 
through exit slits mounted on the focal plane, and onto a photomultiplier. In 
the case of the ICP unit at the University of Toronto, there are thirty-one 
exit slits to allow for the monitoring of thirty-one emission lines simul- 
taneously. In the case of this instrument, each emission line represents a 
different element. 

A total of 22 elements were analysed using ICP-AES and these are shown in 
Table 1.2 along with their theoretical detection limit (T.D.L.) and determina- 
tion limit (D.L. = five times the theoretical detection limit). 

The well water sanqales were prepared for ICP analysis by preconcentration. 
For this procedure, 100 ml of filtered, acidified, well water is boiled almost 
to dryness in a pyrex beaker. One half ml of ultrapure nitric acid and 1 ml of 
double distilled water are added to the beaker and the sample is once again 
evaporated to near dryness. In the final step, 0.5 ml of Ultrapure nitric 
acid and 1 ml of double distilled water are added to the beaker and the sample 
is evaporated for approximately 5 minutes. San?)le volume is then adjusted to 
10 ml with double distilled water in a 10 ml Erlenroeyer flask. Interstitial 
water samples and contaminants were not preconcentrated due primarily to in- 
adequate initial volimie size. 
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Table 1,2 Parameters determined by ICP-AES analysis 



Element 



T.D.L{mg/L) 



D.L. (iDg/L) 



Be 

Ba 

Fe 

Cr 

S 

Mg 

As 

V 

Se 

Mo 

Al 

Ca 

Zn 

Cu 

Sb 

Pb 

Cd 

Co 

Ni 

P 

B 

Mn 



0.00029 

0.00025 

0.0012 

0.0024 

0.0132 

0.0137 

0.0226 

0.0016 

0.0823 

0.0068 

0.0164 

0.0014 

0.004 

0.0023 

0.0377 

0.0460 

0.0032 

0.0034 

0.0137 

0.0357 

0.0045 

0.0006 



0.001 

0.001 

0.006 

0.012 

0.066 

0.0685 

0.113 

0.008 

0.2115 

0.034 

0.082 

0.007 

0.02 

0.0115 

0.1885 

0.23 

0.016 

0.017 

0.0685 

0.1785 

0.0225 

0.0030 



1.7 Volumetric methods 

Volumetric methods involve the titration of reagents to a specific chemical 
endpoint. The methods were used to measure chloride, carbonate and bicarbonate 

concentrations . 

1.7.1 Carbonate 

Carbonate ccaicentration weis determined using the following jHTocedure, 

1) 50 mL of water sample is pipetted into an Erlenmeyer flask 

2) 10 drops of ^enolphthsLlein indicator are added usixig a Pasteur pipet 

3) if the sample does not turn pink, there is no carbonate present 

4) if the sample does turn pink, carbonate is present and the sample is then 
titrated with 0.05 N H2S04 until the sample becones colourless 

6) the litre volume {mL) is recorded and the concentration of CO3 in epm is 
determined by the formula: 
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OO3 {epm) = litre volune (mL) X 2 (1.7) 

1.7.2 Bicarbonate 

Bicarbonate analysis was performed using the following method, 

1) following the CO3 titration, 6 drops of bromcresol green indicator are 
added to the sample using a I^isteur pipet 

2) the sample is titrated using 0.05 N H2SO4 imtil the solution turns green 

3) the total buret reading (mL) is recorded and the bicarbonate concentration 
is determined as follows: 

if OO3 wEis absent the buret reading in mL = epn WXh 

if CO3 was present, 

total litre mL - ((OO3 litre mL) X 2) = epc HCOa (1.8) 



1.7.3 CJiloride 

In addition to using a specific ion electrode, chloride was also measured 
using the argentometric method as described in Standard Methods for the Ex- 
amination of "Water and Wastewater (American Public Health Association, 1985). 
The method works on the principle that potassium chromate can be used to 
determine the end point of silver nitrate titrations. 

TTie concentration of chloride is calculated according to the formula: 

mg/L CI = (mL titration for sample - mL titration for blank) 

X (normality of AgNOa X 35450) / mL sample used (1.9) 

1,8 Instrumental Neutron Activation Analysis 

In neutron activation analysis, the sample is exposed to a source of thermal 
neutrons . When these neutrons pass close to a target nucleus , the action of 
nuclear forces can cause the neutron to poietrate into the nucleus, forming a 
new nucleus which is (usually) radioactive or excited (Robinson, 1982). The 
new nucleus has the same atomic nimber (Z) but a different (one unit higher) 
mass number (A) reflecting its increased nucleus msiss. 

Subsequently, the new radioactive nucleus decays to either a stable or 
radioactive nucleus by emitting radiation. The radiation emitted may be in a 
number of forms, but in INAA only the gamma rays are measured, generally in 
the energy range 30KeV to IMeV. The intensity of this radiation is a function 
of the mass of material present (Guinn, 1981). 

As a source of thermal neutrons, the University of Toronto INAA laboratory 
uses a Slowpoke II niiclear reactor. This model provides a thermal neutron flux 
of 5 X IQii n/cm^s (Guinn, 1981). 
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The neutron activation technique is applicable to the measurement of a wide 
range of elements. However, the measurement technique will depend on the rates 
of decay of the isotopes formed by the neutron bombardment. For example some 
el«nents form short-lived isotopes viiich nnjst be measured sLbnost inmediately; 
others form long-lived isotopes which can be counted after an extended period 
of time. 



1.8.1 Short-lived isotope neutron activation analysis. 

Neutron activation analysis was carried out 20 samples to measure the con- 
centration of short-lived isotopes of the following elements: Na, CI, Ba, Ti, 
Mg, Ca, Mn, V, and Al. Exactly 1.0 g of sediment was weighed into small 
polyethylene vials supplied by the Nuclear reactor lab. Sediment samples were 
irradiated for 2 minutes at a flux of 2 kW and counted 18 minutes later for a 
period of 300 s ( 5 minutes ) . The activity of each element was calculated using 
the formula, 

Activity (A) = peak count (p) - background count (b) (I. 10) 



1.8.2 Long-liVed Isotope Neutron Activation Analysis 

Neutron activation analysis was conducted on 6 sediment samples to measure the 
concentration of the long-lived isotopes of the following elements, La, Sc, 
Co, Cr, Na,and Fe. Exactly 0.3 g of sediment was weighed into polyethylene 
vials which were cut to size and subsequently sealed using a soldering iron. 
The sediments were irradiated for 16 hours at a flux of 5 kW. Samples were 
counted after 7 days for 600s (10 min) to measxire medium lived isotopes La, 
Fe, and Na, A second count was performed after 14 days for 6000s (100 mins) 
to measure the long-lived isotopes of Sc, Cr, Fe, and Co. The activity of the 
sample was determined as outlined for short-lived isotopes. 

After neutron activation analysis for short lived and long lived isotopes was 
ccwipleted, standards were made for elem^ts for which the measurement error 
was less than 30%. For short lived isotopes INNA standards were made for Na, 
Ca, Mg, Ti, Ba, CI, V, Mn. Table 1.3 shows the amount and type of chemical 
used for each standard. For. long lived isotope INNA, the University of Toronto 
in house standard UTB-1 was used. Table 1.4 shows the composition of the stan- 
dard based on studies conducted by Barnes and Gorton { 1985 ) . 
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Table 1.3 Neutron activation standards 



Element Chemical Weight of Chemical (mg/L) 

Ba Baa)3 100 - 200 mg 

Ti Ti02 100 - 300 mg 

Mg Mg metal 20 - 100 mg 

Na NaCl (dry) 100 mg 

CI NaCl (dry) 100 mg 

Al Al foil 100 mg 

Ca CaCOj 200 - 400 mg 

>fri . Mn AA Standard {lOOOppm) 0.5 ml or 0.5 mg 

V V2O5 aOOOpFm solution) 0.5 ml or 0.5 mg 



Table 1.4 Neutron activation standard UTB-l* 



Element " Concentration in Standard UTB-l (mg/L! 



Barium 590 

Cobalt 49 

Chromium 35 

Iron (Fe203 ) 15.05 

Lanthanum 27 

Sodium (NaaO) 2.73 

Rubidium 28 



* after Barnes and Gorton (1984) 
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8.8008 


8.0023 


8.8001 


8.0001 


63-104 




8.8822 


8.8841 


8.8542 


t 


83-185 




8L88S8 


f 


18312 


0.0001 


83-118 




8.8828 


0,8009 


8L2094 


0.0014 


83-112 




8,8822 


0,8444 


0.1396 


t 


83-113 




* 


8.83a 


0.8304 


* 


83-115 




8.0022 


f 


8.1134 


t 


63-116 




8.8023 


« 


8.1896 


• 


63-121 




8.8038 


8.8154 


8.1257 


0L0OO9 


83-124 


8.0219 


8.8829 


* 


8.0495 


• 


63-125 


« 


8.8026 


t 


8.8448 


0.0002 



11-5 



T 



.. 



SrounoMtcr SmoIcs Duffins Creek-Rouqt River Basins 
Trace tlemrit Results Uu/L) 



SflMPU 


lyoe 


Nn 


P 


Ho Al 


Zn 


Ni 


Fe 


Detentiution Uiit 


8.0083 


8.0178 8.0034 8.8082 


8.8828 


8.8868 


8.8006 


83-122 


W 


8.8888 




8.8111 


8.8419 




8.8876 


83-126 


lU 


8.8248 


ff 


ft 8.8017 


8.8228 


t 


8.8715 


A3-133 


lU 


8.8238 


8.8224 * 


1 8.8438 


8.8855 


« 


8Ll6Ae 


83-139 


lU 


8.8855 


t i 


ft 8.8003 


8.8187 


t 


ft 


83-lfi3 


)U 


8.18C7 


8.8415 1 


1 8.1838 


8.8872 


8.88n 


8.8117 


83-18& 


lU 


8.8889 


« i 


* 8.0358 


8.8132 


8.8874 


8.8388 


83-19 


lU 


8.MS9 


8.8195 1 


t 8.8848 


8.2041 


fl 


4.3719 


83-199 


lU 


8.f7fi2 


8.8324 i 


1 t 


8.8451 


« 


£.4843 


83-2K 


lU 


8.8488 


« i 


8:8832 


8.6893 


ft 


8.0737 


83-218 


lU 


8.1362 


« 1 


t t 


8.4389 


ft 


3.8652 


83-211 


lU 


8.81S3 


8.8218 i 


8.8305 


8.1240 


ft 


8.8761 



SWPL£ 



Pb 
8.8230 



Cu 
8.0012 



Co 
8.0017 



Cr 
8.8012 



Cd 
8.0016 



S 

0.8066 



As 
8,8113 



Se 

8.8212 



83-122 


ft 8.8286 i 


ft 8:8888 


ft 16.8388 






83-126 i 


t 8.8175 1 


t 8.8801 


ft 14.8778 






83-133 


1 8.0447 i 


t ft 


ft 13.9538 




^ A 


83-139 i 


* 0.8139 i 


8.8889 


ft 21.6368 






83-163 1 


1 8.8917 1 


ft 8.0807 


ft 48.2818 


8.8226 




83-166 * 


r 8.8314 1 


y 8.8825 * 


ft 23.4718 


8.8125 




83-19 1 


t 8.8184 i 


t 8.8838 i 


ft 3.3844 






83-199 i 


y 8.8194 1 


y ft i 


y 16.6628 






83-285 1 


t 8.8174 1 


i 8.8885 i 


ft 28.8388 






83-218 1 


0.0164 1 


y ft 1 


y 8.5485 






83-211 * 


* 0.1065 1 


y 8.8819 1 


ft 5.7487 







SRHPlf 


Sb •• 


V 


B 


Bi 


Bi 




8.8166 


8.8806 


8.0023 


8.8001 


8.1081 


83-122 


8.8311 


0.0837 


0.0804 


8.1837 


ft 


83-126 


8.8229 


8.0838 


8.8834 


8.8965 


ft 


83-133 


« 


8.8821 


8:8688 


8:1131 


ft 


83-139 


ft 


8.8835 


8.8148 


8.1279 


ft 


83-163 


8.8555 


8.8033 


8.8445 


8.1888 


ft 


83-186 


8.8196 


8.8035 


8.8824 


8,2328 


8.8081 


83-19 


f 


8.8025 


8.8186 


8.1886 


ft 


83-199 


« 


8.8811 


8.83S2 


8.8858 


8.8886 


83-205 


8.8241 


8.8033 


8.8816 


8.1186 


« 


83-218 


t 


8.8009 


8:8328 


8.3696 


8.W87 


83-211 


8.8163 


8.881fl 


8.8226 


8.2162 


ft 



ft btloM ICP dfltcreifation lint 



II-5 



brounoMtffr unies uuttitb urn 
Trace £lwent Results in/L) 




MSin» 








SMPLE Type 


Rn 


P 


Ho Al 


Zn 


Ni 


Fe 


Oeteniination Lint 


8.6083 


8.0178 8.0034 8.0062 


B.flK>« 


8.006a 


8.0006 


83-12 lU 


8.8823 


•.4859 


1 8. 8315 


8.8148 


t.8181 


•.8564 


62-19 m 


8.8241 


t 


1 * 


8. 87a 


t 


8.8687 


82-28 m 


8L8241 


f i 


» t 


•.8758 


t 


8.8807 


82-23 m 


8.816S 


« 


1 8.8881 


•.8635 


* 


8.8624 


82-24 IV 


8.8229 


•.8219 i 


1 8.8862 


•.8871 


t 


Lisai 


82-28 in 


•.2484 


t -i 


1 • 


8.8127 


8.8877 


•.1283 


82-42 lir 


8L8821 


* i 


1 8.1189 


8.8238 


f 


8L1622 


8^44 10 


•.8814 


•.•188 


1 « 


8.129S 


8.8113 


8.8493 


82-7 lU 


•.882B 


•.818& i 


t « 


8.8229 


8.8892 


8.MG5 


83-iee lu 


•.8018 


* 


t 8.1079 


8.1918 


« 


8.8685 



SfWPU 


Pb 


Cu 


Co 


Cr 


Cd 


S 


As 


St 




8.8230 


8.0012 


0.0017 


8.0012 


8.8016 


8. 0066 


8.8113 


•.8212 


82-12 


i 


(.8295 




8.8826 




28.6478 


•.•133 




62-19 


:* 


8.0297 




•.•028 




11.5518 






82-28 




•.•144 




•.••21 




3.3182 






62-23 




•.0215 




« 




8.4959 






82-24 




•.8181 




8.8832 




12.8548 






62-28 




8.0305 




« 




18.3556 






62-42 




8.0468 




8.8811 




9.4813 






82-44 




8.0123 




« 




16.9988 






82-7 




8.8298 




8L8826 




11.9228 






83-188 




8.02S6 




8.8129 




13.2468 







r «)i£ 


Sb • 


V 


B 


Ba 


Be 




8.0166 


8.0008 


8.0023 


8.0001 


0.0001 


62-12 


-'■ 


•.ooa 


8.8519 


8.8623 


t 


62-19 




8.0017 


8.0315 


0.0860 


* 


62-28 




8.8014 


8.8615 


8.1949 


8.8882 


82-23 




t 


8.8251 


•.2838 


8. 0082 


82-24 




8.0022 


8.8159 


8.8983 


t 


62-26 




8.0014 


8.1209 


6.1874 


0.0001 


82-42 




8.0032 


8.8604 


t 


« 


82-44 




8.0033 




0.1051 


0.0012 


82-7 




8.8019 


8.8314 


8.0612 


« 


63-100 




8.0B21 


* 


8.1026 


0.0001 



* beloB ICP oetmination lint 



II-7 



6roandMter SmoIm Ooffins CirHHtoow River Burns 
Trace Elomt Anults (ao/LI 



■ tf: 



stms 


Ty» 


Mn 


P 


Nd A1 


Zn 


N: 


Ft 


Deteriination Liiit 


8.8083 


8.8178 8.8834 8.8882 


18820 


10068 


V.O00D 


a3-4« 


lU 


8.8678 


ft 


» ft 


17694 


18114 


1117S 


83^ 


lU 


8.841& 


8.39S8 


i 8.847S 


18818 


18189 


18663 


83-47 


Ul 


8.8838 


8. 8224 


* 8.8436 


188S5 


t 


11648 


B3-49 


lU 


8.8886 


ft 


1 8.8176 


11628 


ft 


18699 


aa-s 


m 


18883 


ft i 


t ft 


17X28 


18873 


18412 


83-58 


lU 


8L88a6 


8.8185 1 


> 8.8279 


13116 


ft 


18994 


83-99 


lU 


8L8869 


8L8238 1 


8.8M8 


11218 


18114 


18727 


83-81 


Ul 


8L8g68 


ft 1 


r 8.8867 


11351 


ft 


1SE78 


83-83 


w 


8.8873 


8.8M2 i 


\ ft 


188U 


ft 


18367 


83-88 


lU 


8.8116 


ft 1 


\ ft 


18126 


ft 


18972 


A3-9I 


lU 


8.8233 


8.8729 1 


8.8873 


18S37 


18813 


12390 


83-94 


lU 


8.8114 


ft 1 


18237 


18247 


10097 


18611 



Sfmi 


Pb 


Di 


Co 


Or 


Cd 


S 


Ai 


St 




18238 


18012 


18017 


18012 


18016 


10066 


10113 


18212 


83-48 


ft 


18162 




18813 




112SB8 






8>46 


18236 


10116 




18029 




IS. 6828 






83-47 




18241 




18826 




9.3838 






83-49 




11858 




18817 




3.3238 






83-56 




18368 




18817 




13.8258 






83-58 




18918 




18061 




16.2728 


18123 




83-59 




18204 




18838 




26.4188 






83-68 




18288 




« 




32. 8888 






83-83 




18188 




« 




412838 






83-88 




18174 




ft 




6,8628 






83^ 


18246 


18S&8 




ft 




32.2938 






Q-94 


ft 


18273 




18831 




315478 







Stms 



Sb 

18186 



V 
18888 



B 

18823 



B> 

18881 



6t 
18001 



83-48 


ft 


18814 


ft 


10391 


18801 


83-46 


ft 


18818 


ft 


10616 




83-47 


18229 


18838 


18834 


18373 




83^ 


ft 


1N14 


18191 


10173 




83-36 


# 


18816 


18172 


18065 




83-53 


18212 


10824 


10129 


18684 




83-59 


• 


18822 


18238 


18722 


11001 


83-60 


18213 


10013 


18006 


18407 




83-83 


ft 


10817 


18622 


18697 




83-88 


ft 


ft 


10047 


11083 




83-98 


ft 


18813 


18130 


10968 




83-94 


ft 


18017 


10394 


18466 





ft MlOM ICP otttraination lint 



Il-fl 



GrounilMter SMoles Duffirs CreetHtouoe River Eiasins Hajor and mircr ion analysis n/L 
Samle Type tH td CI f Im Er Ca3 



83-212 


IS 


7.38 


aa-is 


IS 


7.48 


83-166 


IS 


7.45 



8.68 67.74 8.IS 8.28 8.86 8.08 

9-75 61.71 1.14 12.88 8.88 8.88 

8.42 m.64 114 3.88 8.12 8.88 



Sanle HC03 Ca N; Ni K S04 EC 



83-212 317.28 79.85 £7.82 14.58 2.58 34.37 • 

62-15 475.68 138.38 28.54 22-88 32.88 188.54 8.69 

83-186 317.28 125.35 25.52 19.88 L5e 85.31 8.56 



* not detersined 
«4 vg/L 



II-9 



GroundMter Svnlts Duffins Crctk-flouot River Basins 
Iraci Eliwnt Results (bq/U 



SANPL£ Tyst 
tecenunation Lint 


Kn 
8.6683 


P 
8.6178 


No 
8.6834 


Al 
8.6882 


Zn 
8.88P8 


Nl 
8.6868 


F« 
8.8886 


82-15 IS 
83-166 IS 
83-£i2 IS 


8.8526 

8.8399 

8.8347 


8.4621 

t 
t 


* 
* 
f 


8,8562 

8.8879 
8.8377 


8.6288 

8.1836 
8.8828 


8.8124 
« 
8.8873 


2.4643 
8.6635 
8.1432 



smpu 


Pb 


• Ca 


Co 


Cr 


Ctf 


S 


As 


fit 




8.8P38 


8.8612 


8.8617 


8.8812 


8.6616 


8.8866 


8.8113 


8.8212 


82-15 


« 


8.8174 


t 


8.8839 


ff 


33.5148 


8.8176 


ff 


83-186 


« 


8. 8185 


ff 


8.6886 


• 


21.7698 


ff 


* 


83-212 


t 


8.8889 


ff 


8.6823 


ff 


11.4568 


ff 


ff 



SAMPU 


Sb 
8.6186 


V 
6.6888 


B 

8.6823 


8.6881 


8.8881 


8^-15 
03-186 

83-212 


ff 
8.6288 

ff 


t.8836 

8.8833 
8.8835 


8.8338 

8.6838 

8.8351 


8:J785 

8.6984 
8.1428 


8.8889 
6L8682 

8L6682 



ff btloM ICP detcrainition lint 



11-10 



GraundNater Suoles Duffins Creek-Rouw River Basins rujor and Rinor ion analysis ra/L 
Sanle Tyw gH NQ3 CI F Itt Br C03 



83-99 


IN 


7.91 


62.99 


2£.06 


0,05 


2.28 


♦ 


8.00 


83-69 


IN 


7.21 


51.21 


a. 00 


6.05 


6.00 


♦ 


8.88 


62-10 


IN 


7«6« 


16.61 


7.71 


6.28 


8.88 


8.20 


8.80 


63-183 


IN 


7.20 


97.46 


20.34 


0.86 


8.80 


8.60 


8.08 


68-^2 


IN 


7.2S 


70.90 


20.21 


0.18 


8.88 


8.50 


8.88 



«• vq/l 
Swolt NCa3 Ca No Na K SIM EC 



83-99 


326.35 


105.26 


15.23 


16.08 


1.70 


43.64 


0.41 


63-«9 


288.60 


73.82 


15.38 


6.58 


5.50 


56.66 


8.49 


62-18 


286.70 


51.93 


28.41 


6.80 


2.50 


12.89 


8.32 


83-183 


428.90 


139.66 


12.68 


13.88 


3.88 


.52.05 


8.55 


82-22 


372.18 


116.57 


13.07 


4.S8 


5.88 


35.47 


8.53 



♦ not dttaninetf 



II-ll 



Bpoundwatep Sawles Duffins Cn»k-ftouoe River Basins 
Tran Elnent Results tkq/U 



SAMPLE 


Tyoe 


Nn 


P 


to 


01 


Zn 


Ni 


Ft 


Deteraination Uiit 


6.8003 


8.8178 


8.ea34 


8,0882 


8.e0?fl 


8.0068 


8.0006 


82-ie 


IN 


1.6113 


f 




8.9462 


0.8288 


8.0092 


•.8S64 


6S-S2 


IN 


1.8007 


« 




t.0S63 


8.8769 


• 


8.8602 


33-69 


IN 


1.8145 


6.043B 




8.0072 


1.2268 


* 


t 


B3-99 


IN 


0.8006 


« 




8.8228 


1.8386 


« 


8.0411 


i3-m 


IN 


8.8009 


t 




8.8U8 


•.•728 


•.0071 


•.•437 



SWLE 


Pb 


Cu 


Co 


Cr 


Cd 


s 


Ai 


8t 




8.0230 


0.0012 


0.0017 


0.0012 


0.0016 


V. HIbo 


•.0113 


0.0212 


82-18 




8.8197 




8.0030 




4.2383 


•.0125 




82-22 




8.8329 




0.0625 




11.8238 


t 




B3-69 




0.0882 




4 




18.8878 


« 




83-99 




8.0237 




8.8628 




14.5478 


4 




83-183 




8.8205 




•.0031 




17.3568 


•.•128 





SPffLE 


Sb 


V 


6 


Ba 


Be 




0.0186 


0.0608 


0.0023 


•.0061 


•.0601 


82-10 


« 


0.0024 


0.0185 


•.i^oe 


* 


82-22 


ff 


0.0622 


f 


0LO531 


t 


83-69 


0.0207, 


0.0012 


0.0015 


0,0523 


» 


83-99 


♦ . 


8.0018 


t 


0LIS2S 


« 


&3-183 


8.0203 


8. 0026 


•.•160 


•.0347 


0.0001 



t btloM ICP dvta-nnatxon liiit 



11-12 



6rt)«nd«ter Smdwt 0«ffi« Cr«k-toug. Ri«r Basins »U.ior an) -inor ion analysis w/L 



Sanle Typt oH 



KB CI F I Br COS 



83-162 » 7.48 1B.67 li-S •." '•« f^ «.« 

^ 2R 7.59 iC 3.32 B-H «.» ••82 «•" 

^k a 7;« 7.a* !•.« a-is ••«- «^^ «^" 



Sanle HCa3 



lU K S04 



as-lfia 183.88 39.29 H-H 12.58 U88 2.M J-SJ 

82-1 258.18 38.58 U.24 18,58 8.88 2.55 8.^ 

82-34 268.48 42.6* 24.48 U.58 2.88 ^-^A 8.31 



* not dvttninvd 



11-13 



Sraundtuter Suoles Daffiits CravtHtouge River Bisii» 
Trace Elnent Rtsalts l^/U 



SfWL£ 


Type 


M) 


P 


Ho 


U 


Zn 


Ni 


Ft 


Oeterainat 


ion Uiit 


0.0803 


8.0178 


8.0034 


0.0082 


0.0820 


0.0068 


0.0096 


82-1 


» 


0.0278 


0.0273 


ff 


0.0113 


0.3687 


ft 


0.0180 


8S-34 


£A 


0.0357 


0.0976 


f 


0.0038 


•.0974 


ft 


0.6160 


83-182 


2fl 


010296 


0.0288 


t 


0.0191 


0.0074 


ft 


0.2946 



SAMPLE 


Pb 


Cu 


Co 


Cr 


u 


s 


As 


Se 




0.0238 


0.0012 


0.0017 


0.0012 


0.0016 


0.0066 


0.0113 


0.0212 


82-1 


ft 


0.0490 


ft 


ft 


ft 


0.8498 


ft 


«'- 


82-34 


ft 


0.0069 


ft 


0.0OOS 


ft 


0.2482 


ft 


:• 


83-162 


ft 


t.0167 


ft 


ft 


^f- 


0.9971 


ft 


ft 



SflHPL£ 


Sb 

0.0186 


V 
8.0008 


B 
0.0023 


Ba 

0.0001 


0.1001 


82-1 

82-34 

83-162 


ft 
ft 

ft 


0.0010 

0.0031 
0.0010 


0.0333 
0.0303 
0.0213 


0.1019 
0.1106 
0.1S9S 


ft 
0:0082 

ft 



ft bilGM ICP dctcraifkition lint 



Il-lil- 



GrounaMter Saaoln Duffins CreetHbwov River Basins fta.ior and ■inor ion analysis n/L 
SuDle TyM oH NOS CI F I** br C03 



63-141 


2U 


7.2 


13. 2S 


16.45 


8.86 


18.28 


8.08 


8.88 


a3-i7B 


aj 


^4■ 


11.87 


8.88 


6.89 


15.80 


8.88 


8.88 


83-164 


2U 


7.31 


i5.ee 


6.80 


8.8S 


7.98 


8.48 


8.80 


a>ig5 


aj 


7.33 


11.6a 


9.38 


8.11 


13.48 


8.88 


8.86 


83-179 


2U 


7.a 


11.83 


178 


8.18 


2.88 


8.64 


8.88 


83-196 


2U 


7.31 


6.65 




114 


8.88 


8.88 


8.88 



Saaole HCQ3 Ca No Na K S04 EC 



63-141 


311.18 


41.61 


23.97 


19.88 


8.68 


8.66 


8.34 


83-176 


311.18 


45.77 


15.88 


27.88 


8.88 


1.87 


8.38 


83-164 


288.68 


39.35 


16.44 


19.68 


8.88 


1.13 


8.33 


63-165 


296.98 


44.58 


14.51 


22.88 


8.88 


8.96 


8.28 


83-179 


292.88 


42. B5 


16.96 


15.88 


1.68 


1.64 


8.32 


83-196 


366.88 


56.86 


17.84 


11.58 




U26 


8.35 



* not d>t«run«d 
«t Of /L 



11-15 



GroundMttr Saaoles Ouffins D iel i Ibuu e Riwr Basins 
Trice Elnant tesults imqAJ 



SANPlc 


Type 


Ih 


P 


Ho 


Al 


Zn 


Ni 


Fc 


Detenu nat 


on Lieit 


•.MU 


•.0178 


•.8034 


•.0882 


0.0820 


$,m>H 


0.0806 


•3-141 


£U 


•^•649 


•.1179 




0.1167 


•.•782 




0.3618 


•3-164 


eu 


11672 


# 




•.0SU 


8.0897 




8.0M2 


S3-1S5 


2U 


•11442 


$,m% 




•.•167 


0.0522 




8.4329 


83-176 


2U 


•.•6S3 


•.•lfl2 




* 


•.e2i 




f ■ 


•3-179 


U 


^••91 


IL^*96 




•.••15 


•■•228 




8L»494 


•3-196 


£U 


luU3S 


•.•U3 




•.•099 


•.•Z7S 




8.6636 



SAMPLE 



Pb 
•.0238 



Cn 
•.0012 



Co 

0.0017 



Cr 
0.8812 



0.0816 



S 
8.8866 



As 
8.8113 



Sc 

8.8212 



83-141 i 


t 8.8391 




8.8883 i 


» 8.2185 




« 


B3-164 i 


1 •.•857 




« i 


1 8.3767 




.«:. 


83-165 * 


y IMTZ 




t i 


y 8L3198 




* 


83-lTC 1 


1 •.•168 




t i 


t •.3SE6 




.« 


•3-179 i 


» 8.8122 




t i 


y 8.3474 




« 


83-196 i 


t 8.8113 




•.•829 i 


y 8.4288 




t" 



Sflr«)l£ 


Sb 


V 


1 


•■ 


ie ' 




8.8186 


0L888O 


8.8823 


8.8881 


8.8881 


83-141 




••••18 


8.8383 


8.18S2 




83-164 




•.•••3 


18348 


8.1S38 




83-163 




•.••11 


8.8268 


8.1826 




83-176 




•.•887 


•••239 


8.1823 




83-179 




8.88M 


8.8318 


8.8848 




83-196 




t 


* 


8.1321 


•.IMS 



ft telow X[7 ditiraination lint 



II-16 



I 
I 

I 



GrounOMtBT Swoles Duffiw Crwk-feuot River Buins Hajor and mimr ion analysis ra/L 
Sa.ole Tyoe aH N03 CI F I Br C03 



a>«0 


3A 


7.65 


a.s 


3.00 


0.r 


13.20 


♦ 


8.00 


83-173 


30 


7.38 


£.58 


H.O0 


8.14 


28.00 


8.76 


0.00 


U-175 


3A 


7.75 


&.tt 


14.17 


a. 16 


12. BO 


8.18 


0.00 


63-63 


3n 


7.50 


a. 73 


100 


8.10 


14. B0 


♦ 


0.00 


A3-188 


m 


7.15 


a. a 


afia 


0.12 


ia.88 


8. SO 


0.00 


63-m 


an 


7.« 


a. 19 


18.00 


8.11 


13.28 


. 8.16 


0.00 






f 



Sanle 



ICS3 



Na 



804 



EC 



a3-G0 


323.30 


36.20 


15.69 


42.00 


1.50 


1.12 0.3S 


a3-173 


225.70 


35.17 


12.36 


3100 


a. 60 


0.60 8.35 


83-175 


260.60 


45.24 


12.40 


44.00 


8.60 


1.99 0.26 


e3-&3 


323.30 


34.14 


14.62 


30.50 


1.50 


1.63 8.34 


83-166 


286.70 


41.78 


8.43 


42.50 


a. 80 


6.59 8.36 


83-194 


385.88 


33. S5 


u.ao 


42.00 


LOO 


8.7a 8.29 


* 












* not (tetiruMd 



I 



f 
t 
I 
I 
I 



11-17 



6rounOMtcr Sawies Ouffins Creek-ftouoe River Basins 
Trace Eleaent Results (n/L) 



SAMPU 


TVK 


Rn 


P 


ft) 


fll 


Zn 


Nl 


Fe 


DeteriiMtion Uiit 


e.w03 


0.0178 


0.ML14 


1.0082 


0.0020 


0.0068 


8. ctMd 


89-63 


3A 


•.0542 


0.3S91 


« 


t 


0.0262 




0.6OBO 


83-60 


3R 


t.1310 


0.19S5 


« 


0.1196 


0.0649 




0.2359 


63-173 


3A 


•.0319 


0.8588 


t 


0.074S 


0.2010 




0.5647 


63-17S 


3fl 


0.2363 


0.1369 


0.0037 


0.0S54 


0.0054 




0.2683 


8>186 


an 


0.9619 


0.1617 


0.0143 


0.8522 


0.0992 




0.0603 


83-194 


3A 


0.0541 


0.1017 


« 


* 


0.0031 




0.5624 




SW1£ 


Pb 
0.0230 


0.0012 


Co 

0.0017 


Cp 

0.0012 


Cd 

0.0016 


s 


As 
0.0113 


Se 

0.8212 


83-63 




0.0134 




* 




0.5516 






83-60 




0.O1B7 




« 




0.3717 






83-173 
83-175 
83-188 
83-194 




0.0515 
0.0617 
0.1267 
0.0105 




# 
0.0129 

« 




0.2669 
0.6649 
2.1979 
•.2587 







I 
I 
I 
I 
I 
I 



SMPLE 


Sb 


V 


B 


hi 


Be 




0.0186 


0.0006 


0.0023 


0.0001 


0.0001 


83-63 




0.0013 


0.0998 


•.•6BS 




83-«0 




0.0019 


0.0SO4 


0.1756 




83-173 




0.0008 


0.0473 


0.0941 




83-175 




0.0006 


0.1137 


0.7161 




83-188 




0.0010 


0.0772 


0.0544 




83-194 




0.0008 


0.0839 


0.0732 





t teloM ICP dRSTBination liait 



11-13 



I 



I 



JC-. 






'■M- 



1 

I 

K 

I 



.* ■ ■ 

1 
I 
I 
I 
I 
I 
I 
I 



GrounaiMCer SmoIk Duff ins CreeN-MOUot River Basins fiaior tno minor ion inalvsis ko/l 
S«ole Ivoe on MOi Ci F !•• ir OB 



a3-i7i 


3U 


7.«« 


&.£8 


2&.99 


«.15 


i.ttd 


«.»» 


tf.M 


fi3-143 


X 


r.7i 


n.s 


5.37 


«.0e 


aa-w 


lt.M 


0.00 


&3-i32 


3U 


7.16 


(.•7 


2&.S0 


♦ 


14. 4« 


«.16 


ft.M 


aj-i> 


3U 


7.21 


b.ti 


27.W 


* 


lb.M 


V.50 


8.M 


63-19^ 


3U 


7.« 


5.67 


34.24 


♦ 


IClM 


M.70 


«.M 


6£-4 


JU 


I.W 


niM 


IS. 42 


e.14 


uw 


e.22 


a.«d 


a&-i 


JU 


7*8» 


4.(13 


1.&3 


♦ 


12.30 


«.»9 


V.IM 


B&'Z 


3U 


7.31 


&a6 


2.M 


+ 


1911. M 


«.W 


■.w 



Sanoie 



KI13 



lU 



btr^ 



EC 



33-171 


4«a.7» 


47.55 


16.12 


57.50 


^00 


1.82 


0.45 


fl3-143 


231. Ml 


3i.57 


(LtfS 


40.00 


0.50 


1.03 


0.23 


83-132 


274.58 


41. N 


32.50 


41.00 


1.20 


4.50 


0.3a 


a3-l34 


274.50 


36.W 


23.50 


32.50 


1.60 


1.08 


0.38 


aa-is 


26«.M 


31. W 


18.20 


5£.Stf 


0.70 


4.W 


0.40 


82-* 


166. IN 


■il,ii 


9.69 


18.50 


3.5(0 


«.84 


10.20 


86-1 


344. 6S 


4b.M 


14.00 


48.50 


3.00 


2.00 


6.42 


66-2 


341.60 


45.5t} 


14.60 


53.50 


3.75 


6.50 


0.42 














* not onenined 














** lu/L 





11-19 



Grouraiuter Suoles Duffxns Creett-Rcnw River Basins 
Trace Eleaent Results (n/L) 



I 



SAMPLE 


Tyw 


Hn 


P 


Ho 


AI 


Zn 


Ni 


Fl 


Deteninatton Liiit 


1.0803 


8.0178 


8.0034 


8.00R? 


8.fl0?9 


0.0068 


8.8006 


82-* 


3U 


8.8388 


8.83S8 


1 


* 


8.8378 


* 


8.2890 


C-IS 


3U 


8.8537 


8.8827 


« 


8.0052 


8.1247 


* 


8.8622 


83-134 


au 


8.8257 


8.8241 


fl 


t.8189 


8.8842 


* 


1.8969 


83-143 


3U 


S.825B 


8.1593 


8.8088 


8.8376 


8.8198 


ff 


8.2178 


83-171 


3U 


8.1228 


8.2389 


t 


8.8328 


8.8162 


8.8118 


e.9269 


83-193 


3U 


8.8754 


8.1534 


f 


8.8183 


8.1228 


4 


8.2867 



SATfPLE 


Pb 


Cu 


Co 


Cr 


Cd 


S 


As 


Se 




0.8238 


8.8012 


8.0017 


8.0012 


0.0016 


v. vVoO 


8.8113 


8.0212 


82-4 




8.0076 




t 




8.2807 






83-132 




8.0354 




f 




8.2933 






83-134 




8.8239 




t 




8.3575 






83-143 




8.8225 




ff 




8.342B 






83-171 




8l8190 




8.0049 




8.3396 






83-192 




8.0263 




* 




8L4i62 







SAWU 


Sb 


V 


B 


Bi 


Br 




8.8186 


8.8808 


8.8823 


8.8801 


10001 


82-4 




* 


8.8876 


8.1080 


t 


83-132 




18013 


010617 


0.0685 


* 


83-134 




0.0013 


8.0519 


8.1780 


ff 


83-143 




0.0009 


0.0929 


8.0469 


ff 


83-171 




8.8043 


8.8691 


8.1549 


10831 


83-192 




8.8007 


8.1013 


8.0945 


* 



ff bcloa ICP dctmination liait 



11-20 



I 
I 

1 



Groundwter SmoIbs Dtiffins Cnek-fiouoe River Basins Rajor and ■inor ion analysis ma/l 
Saule Tyw tff N03 CI F I** Br OQ 



A3-168 



4A 



7,60 



3.ie 



10.38 



0.19 10.60 



0.30 0.00 



*7 







Sanle 



ica3 



SM 



EC 



'r'f; 



83-160 



317.20 



1.41 



•.15 121.00 



0.00 



0.06 



•.34 






* not dettratnid 



11-21 



I 
I 

I 






I 









I 

E 

i 






I 
1 
I 
I 
I 
I 
I 



GroundMter Stfoles Duffins CmkHlouge Riv«r Basins 
Trace Elewnt teiuUs tm/L) 

SAMPLE TyM hn P Ho AI 2n Nt Fe 

Deterairution LUlt 9,9m •.0178 •.8034 0.0082 O.0e8tl «.ee6d 0.0006 



'; '^ 83-I&0 4A * t.1226 » 1.0042 0.8158 * %.9m 



SfMPLf PbCttCoD-DlS AsSv 

0.^30 «.0eie •.0817 t.0812 •.0016 •.ms •.0113 •.•zia 



e3-l&e . * 8.0383 « « f 0.0S12 



^ SMPLE Sb V B Bi Bv 

0.0186 0.0008 0.0823 •.0M1 8.0011 



83-168 t * ff tLaSM 0.8083 



* btlOH ICP detiriination Xiait 



11-22 



I 
I 

E 



-'•«•-" ,, 



Trouno»(ater Swoies iwrfins trwr-nouoe «ver Iwsins haiop *rw Binop ion analysis n/L 
Sanole Tyoe o« NJi Cl f 1** far DOi 



te-u 



4U 



B.U 



7.17 41.69 



0.d0 3ia.M 



6.34 &.ilid 






-: -v-- 



1 

I 



Samle 


HCQ3 


Ca 


M 


na 


K 


SIM 


el 


68-11 


231. M 


lb.3« 


7.4S 


ea.es 


S.i(« 


«.£=} 


H.3d 



f not diteniineo 



■.5;? 



I 
I 
f 
I 
I 
I 
I 
I 
I 
I 



11-23 



I 
I 



% 

m 

I 



.'-jT 



I 

I 
I 

I 

I 
I 
I 
I 
I 
I 
I 
I 



Potential ContMirunts fUior and itnor ion analyses 



Sanle 



Road De-icinq Omicals 
Discrxotion 



Location 



Source 



e60«a 


Ibad Salt- HaCl 


Can. Salt Co. Uindsor 


Salina Fonution 


86MI 


Roid Salt- NaCl 


Can. Salt Co. Uindsor 


Salina Foreation 


lfi»42 


itoad Salt- CaCl 


Allied Owical 


Urymom 


8SB16 


Road Salt- NaCl 


Can. Salt Co. Uindsor 


Salzna Fonution 


85019 


Road Salt- NaCl 


AoBtar Godtridi Hint 


Salina Forution 


tft^Oti 


Roid Salt- NaCl 


Intl. Nine, Cleveland, Ohio 


Salina FbrHtion 


6821 


Road Salt- NaCl 


Eitehazy, Saskatchewan 


Prairie Fomtion 


85882 


Roirf Silt- NaCl 


Cat. Salt Co. Uindsor 


Salina Forvation 


85823 


Road Salt- NaCl 


Doetar Goderidi Mne 


Unoiowi 


8S824 


Road Salt- NaCl 


Int. Nine, Cleveland, Dixo 


Unlmwt 


85823 


Road Salt- NaCl 


Estchaxy, SaskatchsMan 


Prairie Forsatien 



SMole 



SaKtle 



dH 



MB 



a 



C03 



Kn3 





7.<8 


128.58 


38868.48 


8.18 


0.82 


0.44 


0.88 


12.28 


86841 


7.85 


125.48 


31648.28 


8.89 


8.82 


La0 


0.00 


12.28 


8&842 


1183 


91.18 


25892.88 


1.84 


8.07 


1.31 


90.00 


0.80 


85018 


3.78 


64.70 


19638.80 


8.42 


0.02 


1.06 


8.00 


48.88 


85019 


3.38 


62.88 


24317.22 


8.28 


0.82 


0.60 


0.88 


48.88 


85828 


148 


67.18 


30344. 3S 


8.9 


8.81 




8.88 


48.88 


65821 


8.18 


+ 


29398.48 


8.16 


8.81 


1-54 


8.88 


43.73 


85822 


S.S 


96.38 


29398.48 


8.20 


8.82 


0.96 


8.80 


9.15 


85823 


£.58 


93.68 


31333.73 


8.13 


8.82 




0.00 


42.78 


85824 


S.M 


98.48 


28289.10 


8.18 


0.02 


1.01 


8.80 


36.68 


85823 


8.98 


127.68 


28468.3 


0.16 


0.01 


1.60 


0.88 


48.88 



^ 



S04 



86040 


fi2.SB 


3.88 


28238.18 


13.00 


222.80 


54.70 


86041 


140.10 


6.00 


21300.80 


11.30 


232.00 


33.30 


86842 


12898. « 


1.58 


338.88 


33.30 


25.80 


41.28 


85818 




t- 


♦ 


♦ 


+ 


88.38 


85019 




♦ 


4> 


+ 


♦ 


38.80 


85820 




♦ 


17380.00 


250.00 


♦ 


54.80 


85021 




« 


23588.n 


958.00 


♦ 


♦ 


85822 




♦ 


♦ 


♦ 


♦ 


*■ 


85823 




+ 


loWWB. ^v 


25.08 


+ 


57.38 


85824 




♦ 


18888.80 


25.80 


* 


5188 


85825 




♦ 


21880.10 


1687.30 


* 


57.88 



* not detenined 



III-l 



I 
I 



r*t--' 



Potintui ContMinanks: Road Salt 



Tract tlnant aMlvsis n/L 



Saaole DtscriBtion 
DvtectiOR Uiit 


Rn 
0.0030 


P 
8.17SS 


0.0340 


Al 
0.0628 


2n 
0.0£»0 


Ni 

0.O68S 


A5B40 M£l 

85041 NaCl 

85042 CaCl 




» 
* 


« 

• 


166.7000 

181.0000 

32.1000 


« 
t 
ft 


SB.?0eo 

42.3000 

57.9000 






.^- 



■-*•.■ 



1 



Suolt 


Ft 


Pb 


U 


Co 


Cr 


Cd 


S 


Ai 


Det. Uiit 


0. WbB 


0.2300 


0.01SO 


0.0170 


0.0120 


0.0160 


0.0660 


0.1130 



85040 58.9800 « 154.6000 

85041 42.3000 t 96.2000 
25042 57.9000 * 252.0000 



« 62.6000 * 
» 93.6000 * 
ff 150.5000 * 



^5^: 



M- 



I 



X 



t 



Sanlt 


So 


Sb 


V. 


B 


6i 


te 


Ott. Uait 


0.2115 


0.1885 


0.0008 


0.0PPS 


0.0010 


0.0010 


85040 


* 


« 


f 


ft 


7.4000 


ft 


85MI 


4 


ft 


• 


ft 


16.0000 


ft 


85042 


t 


ft 


« 


# 


4.90M 


ft 



ft belOM ICP drttmnattoR lint 



III-2 



Potcntul ConCuinants Najar and «nor ion analyses 



Inoroanic Ffrtilizers 
Sanle Oescriotion 



Location 



Source 



Bsesfi 


Hono-tanniui Ptiosafute 


C2.L Covrtright, 


Qnt. 


Fertilizer Baos 


85627 


Pi ^knoniM Phosflhati 


C.I.L Courtrxght, 


Ont. 


Fertilizer Baos 


85826 


PriUid Urea 


C.Z.I. Courtriatit, 


Ont. 


Fertilizer Bags 


85829 


fteoniue Nitrate 


C.I.L Coirtrtght, 


Oht. 


Fertilizer Bags 



I 



Saaolc 



dH 



NQ3 



CI 



CQ3 



NCD3 



85826 


5.88 


221.85 


9.88 


8.13 


8.83 


8.65 


8.80 


3200.88 


85827 


7.88 


357.58 


3B.88 


8.48 


8.81 


1.86 


8.80 


1700.80 


85828 


9.58 


25.69 


2.U 


8.56 


8.88 


8.29 


8.00 


uuie 


85829 


5.68 


35393.04 


2.48 


8.16 


8.08 


8.16 


8.88 


18.38 



m 



Swile 



Na 



SD4 



85026 


8.80 


4.75 


143.75 


31.25 


1772.64 


393.88 


85827 


8.M 


8.88 


112.58 


25.80 


3228.88 


48.18 


'65828 


8.88 


2.80 


18.75 


1.88 


4.63 


88.78 


85829 


1.88 


8.58 


U.S8 


1.88 


2.83 


91.80 



♦ not deterwned 



III-3 



Potential ContMinintsr Fertilizers 



Trace tlevnt analysis m/L 



Sanle Descriotion 
Detection Liait 



a. 8838 



P 

8.1785 



Mo 
8.8348 



Al 
8.8828 



2n 
8.8280 



Nl 

8.0685 






8S8Sfi 


Wono f^oniui Phosoftate 


8.80% 


8188.8000 


8.1176 


7.3304 


8.1492 


0.4063 


85027 


Pi ftwoniM Mioufiatc 


8.1975 


♦ 


8.1684 


4.8007 


8.1766 


8.2881 


85028 


Prilled Urea 


8.8038 


8.6463 


« 


ft 


1.8252 


t 


85029 


f^nnitM Nitrate . 


8.0tJ3 


2.7158 


1.8390 


1.8328 


t.8544 


8.8897 



Saaole 


Fe 


Pb 


Di 


Co 


Cr 


Cd 


S 


Al 


Det. Lieit 


8.0060 


8.2380 


0.0150 


8.0170 


8.0120 


8.8160 




0.1130 


85826 


8.9382 


« 


8.1971 


8.0478 


0.565? 


ft 


590.8800 


0.3103 


85027 


1.1729 


t 


8.2634 


« 


8.4291 


ft 


ft 


0.2982 


85826 


8.0167 


« 


8.0762 


ft 


ft 


ft 


0.1544 


ft 


85029 


8.2091 


8.J709 


8.1319 


8.8541 


8.0719 


0.0234 


0.6763 


8.1849 



Samle 


Se 


Sb 


V 


B 


8a 


fie 


Det. Ueit 


0.2115 


0.1885 




8.8225 


0.0010 


0.0010 


85026 


ft 


ft 


8.2831 


0.3172 


8.0061 


0.0035 


85027 


ft 


ft 


1.5260 


0LS1O9 


1.3820 


0.0023 


85028 


ft 


ft 


0.0135 


ft 


8.0076 


ft 


850P9 


0.3532 


0.3962 


0.0880 


8.0S67 


8.9898 


0.0038 



ft fieloH ICP dttereination liait 



III-^ 



I 



■-J" 





Potential ContMinants 




Oriunic Fvrti liters 


SuDle 


tescriotion 


8SM9 


Betf Cattle Hanore 


65832 


Ditcken Hanore Leadute 


flSa33 


Seutie Tank Slad^t 


85034 


Honeltamn Uadutc 


85835 


Pig Hmre Lcacnatt 


65836 


Dairy Cm Nanari 


85837 


DairY Com NvMrt 


85838 


Septic Tai* Sledge 


85839 


Siotic Tank Sledfe 



Maxtor and einor ion analyses 



Location 



Source 



Slcn Becker Fare 
L billebwy Tmo. Lot 38 Con 
Sutton Seotic Tank Service 
Storaling Rdu Seorgina T«o 
Seorgina Ti«, Lot 25| Con 2 
Brock Tup. Lot 2 Con 6 
Ifeibridge Tm. Lot 12, Con & 
Brinliy Qnt 
SriHbrOnt 



Ueathered Manure Pile 
7 Linid Hanure Pit 
Tao on Track Tank 
Ueathered Manure Pile 
Lioexd Hanore Pit 
FreM Hanore on Soreadv 
Lidoid Holding Tank Beloii Bam 
Seotic Tank 
Ststic Tank 



SMole 



m 



m 



ci 



Br 



013 



HC03 





7.55 ♦ 


63L7B 


8.68 


8.46 


♦ 


8.80 


♦ 


65032 


* 76B3.57 


1288.80 


8.36 


8.86 


4> 


8.80 


+ 


65033 


♦ ♦ 


2Z7.O0 


♦ 


8.21 


♦ 


0.00 


♦ 


65834 


♦ 991.25 


179.60 


8.16 


8.89 


* 


e.00 


♦ 


65035 


+ 26716.65 


266.11 


8.26 


8.89 


+ 


0.00 


♦ 


65836 


* 6481.97 


277.52 


8.21 


8.82 


♦ 


8.88 


+ 


85837 


♦ * 


7.18 


8.14 


8.81 


+ 


8.00 


237.98 


85838 


♦ ♦■■ 


463.88 


♦ 


8.24 


♦ 


8.08 


4 


65039 


♦ ♦ 


247.00 


t 


8; 09 


♦ 


8.00 


+ 



Savle 



804 



65809 


■♦■■ 


4 


562.58 


312.58 


♦ S.80 


85032 


4 


*■ 






* 33.00 


65033 


■■*■- 


■*■ 






•f 4 


85834 


«>: 


♦ ■ 






* L90 


8583S 


♦ ■ 


* 






♦ 17.32 


65836 


■♦ 


♦ 






* 6.S 


85837 


♦ 


+ 






t 8.36 


65838 


•» 


♦ 






♦ ♦ 


65839 


♦ 


* 






♦ ♦ 



4 not detemned 



III-5 



^T" '-■^:.■■'' 



Potential Contaainants Rajor ant miror ion analyses 
Detfrock Uaters 



Savle Dcscriotion 



Location 



Source 



aseai 


GroundMater 


Moantain Rd Laniflll Site 


BSM7 


Groundwater 


S of Griuby Laidfill Site 


flsaea 


GroundMater 


Riverside Cedar Park 


as0ie 




Uilliaaburg Thd. 


85011 


GroteidMater 


UlUiaiterq Tup. 


83812 


Groundmter 


1. Clojme Ooaestic 


85813 


FbrHtionllitB- 


Sum Tn. IMbtan County 


8S814 


Fomtion Uater 


firocrv iHOa 


83815 


FbrMtlon Uatir 


GosheM) Tu. Esm County 


83816 


Foraation Uitcr 


Hmx County 


83817 


Fbraation Uater 


fiMn Tm. Uditen County 


85003 


Foraation Uittr 


Hillccr Brathen 


85005 


Fonution Uater 


Glnrxdge Quarry Landfill 



Batcnouse Uell 
DoMstic Uell 
Tao 

DoMstic Uell. DttaM 
DoKftic Uell, OttaHa 
OoKttie Hell, Battirooi Tao 
Builph Fb, Nid-Sllurian 
OvidBt Fi^ Drmnian 
EiB Claire, Caebrian 
Tmton Fa, R. Ordovician 
Salina Fa, U. Silurian 
Rodiester Shale, md-6ilarian 
Aocnester Shall, Hid-5ilurian 



Saaole 



I 



oH 



NQ3 



CI 



CQ3 



HC03 



65001 


6.45 


8.64 


70.97 


1.15 


1.19 


0.76 


8.80 


641.60 


8S007 


6. BO 


* 


966.54 


0.75 


0.81 


0.39 


0.00 


146.33 


85006 


7.71 


« 


226.31 


1.42 


8.83 


0.60 


16.00 


207.40 


'85818 


7.40 


♦ 


26.26 


0.46 


8.81 


0.76 


6.00 


359.90 


83811 


+ 


♦ 


29.01 


♦ 


8.80 


+ 


4> 


♦ 


83812 


7.20 


♦ 


23.57 


8.36 


8.81 


0.64 


9.00 


359.90 


85013 


+ 


♦ 


223566.04 


♦ 


8.01 


4 


♦ 


•f 


8S0U 


6.00 


♦ 


7609.76 


8.60 


8.40 


1.82 


0.00 


163.00 


85015 


5.40 


♦ 


130507.84 


8.27 


10.88 


1.06 


0.00 


16.38 


85016 


S.80 


♦ 


126970.91 


8.30 


7.61 


0.42 


0.00 


3ILS0 


85017 


4.40 


♦ 


211889.67 


0.15 


8.03 


0.46 


0.00 


12.20 


85003 


6.35 


♦ 


23857.80 


8.65 


8.01 


5.70 


15.00 


127.18 


83805 


5.75 


14S.O0 


66545.00 


8:41 


7.50 


0.38 


0,00 


73.20 



Sanle 



S04 



65001 


♦ 


♦ 


66.50 


100 


* 


1.61 


65007 


257.10 


113.19 


258.00 


5.00 


134.30 


2.52 


85006 


32.70 


21.34 


175.00 


9.68 


171.36 


0.95 


63818 


74.65 


30.46 


29.00 


16.58 


76.56 


0.59 


65811 


♦ 


♦ 


* 


♦ 


♦ 


♦ 


65812 


116.23 


12.71 


9.80 


2.58 


31.57 


0:55 


85013 


* 


♦ 


♦ 


* 


* 


♦ 


65014 


* 


♦ 


3000.00 


100.00 


+ 


16.13 


65015 


♦ 


♦ 


46500.00 


2062.50 


+ 


139.78 


65016 


932.51 


995.36 


36750.00 


1437.50 


576.70 


126.00 


65017 


93170 


996.91 


60500.00 


1650.00 


396.57 


151.38 


83803 


♦ 


♦ 


17200.00 


312.58 


♦ 


70.10 


85005 


♦ 


♦ 


31750.00 


475.00 


♦ 


104.20 



* not detenined 



III-6 



PotentuI Contuirunts: fieorock Uaters 



Trace eltamt aiulvsts m/L 



Saaole 


Descriotion 


m 


P 


Mo 


Al 


2n 


Ni 


Detection 


Liiit 


8.0838 


8.1785 


8.8348 


8.8820 


8.8280 


8.8685 


6SM7 


GroundMter 


8.8469 


# 




8.8588 


8.3191 


8.8864 


flsees 


GroandHitcr 


ft 


ft 




8.8494 


8.8836 


8.8184 


aseie 


GroundMtfT 


Z.1M4 


* 




8.8425 


8.8455 


8.8227 


65811 




4.8831 


8.8220 




8.8688 


8.2flP? 


8.8675 


8S0I2 


eroondHttr 


« 


• 




8.1895 


8.1735 


8. 81 IB 


83813 


Foraation Uat tr 


8.5BS4 


3.4176 


8.8917 


2.r68 


8L1614 


8.2432 


850lfi 


Fcnation Uatar 


i.7248 


L5177 


8.617 


1.3869 


8.8715 


8.1397 


85817 


Foraation Uettr 


8.43M 


6.833S 


8.8782 


L8832 


8.1633 


8.2173 


ftWffi 


Foraation Uater 


8.8664 


1.865R 


8.8421 


8.9628 


5.7774 


8.1218 



Sanie 


Fe 


PD 


Ca 


Co 


Cp 


Cd 


5 


Ai 


Det. LiBit 


8.0868 


8.2380 


8.8158 


8.8178 


8.0128 


8.8168 


8.H668 


8.1138 


85007 


8.0548 




ft 




ft. 




44.7670 


ft 


65008 


8. 8453 




;* 




« 




57.1288 


ft 


85818 


8.8426 




W 




t 




25.5258 


ft 


85811 


15.8178 




« 




■■■#■■ 




27.6448 


8.3320 


85812 


8.8488 




■4 




« 




18.5248 


ft 


85813 


3.3465 


1.1153 


16.1828 


8.1486 


8.1972 


8.8692 


U4.4188 


1.4811 


85816 


2.4999 


8.6315 


1.8684 


8.8889 


8.1212 


8u8422 


192.9806 


8.8266 


85817 


7.4969 


1.1898 


15434 


8.1254 


8.1733 


8.8671 


132.2988 


1.1852 


85085 


8.1868 


8.4918 


3.3964 


8.8599 


8.8951 


8.8457 


478.9688 


8.5185 



Saole 


St 


Sb 


V 


1 


U 


It 


Dvt. Liait 


8.2115 


8.1885 


8.8808 


8.BS25 


8.8818 


8.8810 


85087 


• ■ 






ft 


8.3483 


ft 


S088 








8.7332 


8.8156 


ft 


85018 








8.1211 


8.8682 


ft 


85011 








6.1933 


8.4176 


8.8027 


85812 








ft 


8.8637 


ft 


85013 


8.8872 


3.1327 


8.2396 


6.5481 


8.2237 


8.8098 


85816 


8.5879 




8.1486 


9.8J78 


8.3418 


8.0832 


85817 


8.7444 


2.6789 


8.2175 


6.8394 


81.8248 


8.0088 


BSHu 


8.3697 


1.2972 


8.1141 


1.3597 


8.1254 


8.8836 



ft btloa ICP dtteraination lint 



III-7 



Potential Contwirunts fUior and Hnor ion anaivMS 



Undfill LMChates 
Suole Descriotion 



Location 



Source 



8see2 


Landfill LNtfiatc 


tevntain Rd Landfill Sitt 


85m 


Landfill Ltadute 


Glflnridgt Quatry Landfill 


85006 


Lai^ill LMchati 


Bhmsbf Landfill Site 


85638 


Lai^fill Ludtatt 


Brodt Ueft Landfill 


85831 


Landfill Ltidiatt 


Irack Utst Landfill 



Leacftate Collection Nanholt 
LMdiati Collection Nanholt 
LMdiaU Pond 

LMchate Collection Systca 
iNChate Collection Systea 



■.7. .1- 



SmoU 



OH 



N03 



CI 






Hai3 






65882 


7.15 


26.58 


499.77 


8.95 


8.24 


♦ 


8.88 


1788.88 


8S804 


7.a 


♦ 


€65.18 


8.76 


8.17 


•f 


8.88 


♦ 


85886 


7.85 


♦ 


488.88 


2.34 


8.82 


+ 


8.88 


1860.50 


65838 


♦ 


183.48 


661.74 


8.28 


♦ 


♦ 


8.88 


♦ 


BK3 


♦ 


123.59 


676.18 


8.26 


♦ 


♦ 


8.88 


* 



Sanle 



"g 



Na 



S04 



65882 


« 


♦ 


388.88 


37.58 


* 


XE2 


85804 


♦ 


* 


6SB.88 


337.58 


♦ 


6.49 


BCaaC 
BaHb 


♦ 


+ 


* 


<f 


♦ 


7.23 


65838 


* 


<¥ 


♦ 


♦ 


+ 


8.96 


85831 


• 


. ♦ 


♦ 


4 


♦ 


8.97 



* not detenined 



III-3 



"^ 



tatential ContMiiunts: Landfill Indutes Trace gl ew it analysis u/L 



Sanle OKcrtotion 
Detection Li»t 


Hn 

8.8A% 


P 
8.1785 


Pto 
8.8348 


fll 
8.8828 


Zn 
8.8^88 


ttl 

8.8»ff 


8588? Landfill Leactiatt 


ff 


8.3A2? 


* 


« 


8.8239 


t 






Svole 
Det. Unt 


8.8868 


Pb 
8.Z388 


Ca 
8.8158 


Co 
8.8178 


Cr 
8.8128 


Cd 

8.8168 


S 

8.8668 


Ai 

8.1130 


65802 


8.8286 


« 


* 


t 


#" 


« 


H9. 1880 


8.1148 



% 

M 



SHDle 
Set. Limt 


St 
8.2115 


Sb 

8.1885 


V 
8.8888 


B 

8.8^^1 


Ba 

8.8818 


fie 
8.8018 


85882 


« 


t 


4 


1.4SS2 


8.189S 


« 



t bvioM ICP oetenination liiit 



III-? 



Urban RiMd 

Suole No. Lithology 



Location 



ta|or and Minor ion analysis n/L 

Death (■) oH N03 



SB l^t bi'it'iN iiy sand 

^ 1^ bnfonw sand 

3B land t ptvel 

4r) 1^ onr^jras sand 

4B sand i grawl 

6A Igt brn sand 

6B Ift kmsml 

7fl lyt fern sand 

7B Igt bni sand 

7C 1ft bni sand 

H l9t bm sand 

m hm sand i orawl 

9 bm said I (ravel 

9C' bra sand t gravel 

W bra sand 1 sravtl 

23n Igt bra sard 

23B Igt brn said 



HillMOod Rd Bridge 



•m 



t 
■ 



MiXlMood W firid^t 



Don Valicy Prkiiy Ran 



143 


7.75 


43.41 


a.3» 


8.45 


157.38 


L3S 


8. It 


86.63 


t.30 


7.95 


128.47 


1.35 


a. 10 


118.75 


1.3S 


7.Si 


118. 7S 


2.85 


7.45 


68.67 


•.£2 


&.25 


88.68 


1.34 


7.31 


7X11 


2.11 


7.25 


55.38 


129 


7.7i 


46.S 


1.71 


8.18 


18185 


1.3S 


7.55 


95.25 


1.87 


7.7^ 


118.75 


2.65 


7.78 


186.38 


1.21 


♦ 


91.40 


2.32 


+ 


61.68 



..at- 



SM>L£ 



a 



013 



HCa3 



H»* 



28 


865.85 


8.48 


♦ 


+ 


8.58 


♦ 


4 


» 


466.81 


1.24 


♦ 


♦ 


8L18 


* 


* 


3B 


3238.91 


8.34 


38.88 


549.88 


8.46 


« 


♦ 


4A 


2S37.28 


8.92 


+ 


♦■ 


8.25 


+ 


785.88 


4B 


173148 


8.38 


+ 


+ 




8.82 


♦ 


6A 


8543.17 


8.16 


8.88 


146.49 




8.81 


3488.88 


6B 


13721.18 


8.14 


♦ 


♦■■ 




8.84 


+ 


7A 


♦ . 


8.89 


♦ 


♦ 




♦ 


*■ 


7B 


3966.88 


+ 


* 


+ 




♦ 


8258.88 


7C 


6785.98 


8.12 


8.88 


134.28 




■■♦■■ 


4468.88 


11 


3896.58 


8.88 


+ 


♦ 




•.82 


3185.88 


3ft: 


2838.84 


8.68 


■f 


*■ 




+ 


3428.80 


ft 


9625.61 


8.38 


♦ 


■* 


8.58 


♦ 


4928.80 


m 


8888.81 


8.26 


♦ 


* 


8.57 


* 


5348.88 


% 


SE52.a6 


8.21 


36.88 


585.68 


8.16 


8.81 


♦ 


23fl 


269.92 


♦ 






8.85 


8,81 


278.88 


Z3B 


2994.18 


♦ 


8.88 


21158 


8.85 


8.88 


1988.80 



IV- 1 






■t 



Urtun fload 



K+ 



Ca^ 



S04 



2B 


♦ 


5.07 


43.85 


159.69 


+ 


3fl 


♦ 


♦ 


+ 


13?. £5 


2.68 


3B 


* 


1.62 


54.42 


♦ 


7.40 


4A 


2L5I 


♦ 


* 


4 


2.64 


4e 


♦ 


<f 


♦ 


121.78 


+ 


6A 


19. a 


♦ 


♦ 


♦ 


U.00 


6B 


20.08 


34.32 


lllfA.32 


51S8£ 


29.U 


7A 


♦ 


♦ 


♦ 


♦ 


♦ 


7B 


U.SI 


♦ 


♦ 


♦ 


13.44 


7C 


11.S0 


21.73 


721.54 


364.63 


17.58 


7E 


«.7S 


17.38 


429.28 


343.95 


11.61 


9A 


13,» 


0.90 


3S.2fi 


118.46 


7.34 


9 


♦ 


13.90 


S51.ll 


32141 


♦ 


9C 


♦ 


13.98 


451.72 


993.64 


18.06 


SD 


3s.se 


11.92 


280.38 


244.93 


11.68 


23A 


2.M 


6.00 


110.00 


230.00 


+ 


236 


(.Si 


£.00 


190.00 


600.00 


+ 



* not dptemncd 



it 

I 



.-f- 



IV-2 







Auoer Site: 


(JriMn hud 












Samaie No. 


Hn 


P 


Ho 


ftl 


2n Ni 


Fe 


Det. Liiit 


a.ffi.'U 


8.178S 


8.6344 


6.0820 


6.8200 8.0685 6.6060 


a 


e.1683 


t.27&& 


8.0678 


&.8S93 


6.0488 * 


17.0479 


m 


8.0282 


6.S891 




1.3596 


6.0652 * 


5.8391 


m 


6.0114 


6.3289 




6.0655 


« t 


U7516 


m 


a.0na 


6.23S1 




8.1063 


0.0326 * 


0.0012 


m 


•.0784 


f 




6.1631 


0.0552 * 


6.8280 


M 


1.2961 


6.21&5 




8.2164 


6.8291 t 


6.6385 


1G 


6.6235 


« 




8L129I 


6.6278 t 


6.6290 


» 


« 


t 




t 


6.6376 * 


6.6731 


IE 


6.UfiG 


* 




* 


6.6278 t 


6.8387 


m 


6.2528 


1.2623 




4.0468 


6.1770 « 


26.6389 


m 


6.637fi 


6.2S66 




8L1112 


6.6332 t 


6.6394 


m 


6.8386 


6.1613 




16668 


6.6S9 t 


6.6098 


m 


6.6163 


6.2159 




« 


6.4995 * 


6.6146 



Det. UHit 



■m 

5A 

9 

m 
m 
m 
n 

m 



SM>L£ 
Drt. UBit 



m 

m 



ID 

m 

9D 



Pb 
8.2380 



Di 
8.8150 



Co 
8.8170 



Cr 

0.0128 



Cd 
0.0160 



6.0660 



0.3421 



1.0786 



0.2545 
0.0512 
6.6388 

8l6172 
6.1678 
6.8197 
6.2359 
11797 
12854 
12004 
13494 
12367 
11711 



10496 
10196 

« 

t 
10147 

« 
10160 

« 
10315 

* 

t 



53.3320 

44.3820 

416740 

104.8300 

93.7810 

171.9400 

121.7380 

112.3900 

114.0300 

39.5640 

1016400 

1911700 

61.7760 



St * 

12115 



Sb 

11885 



10008 



10225 



10010 



to 

18010 



11822 
18796 
10737 
10763 

10664 

10695 
10742 
10487 
18564 

10811 
10873 
10757 
11244 



11194 
10476 
1641 
10576 
16762 
11793 
11142 
10789 
ir46 
1075S 
10877 
10796 
10326 



10484 

10123 
10044 
10064 
10047 
18171 
18065 
18037 
10032 
18572 
10045 
10019 
* 



10979 
10717 
10455 
10326 

16386 
16357 
18334 
18293 
11525 
18668 
18855 
11485 
12265 



18738 
18695 

in5 

11973 
13964 

16715 
15167 
12575 
13364 
11916 
15795 
13142 
12914 



10038 

10037 
18016 
18003 
10003 
10005 
18003 
18002 
18001 
10205 
1W02 
10002 



t btlOH ICP drteniiution Iisits 



lv-3 



11130 



1323 



SnoM Dun 






SamU No. 


Uttiolooy 


Location 


6A 


blk Hnd t Bravffi 


SnoH DiMO Don Valley 


8B 


blk sand ( ^ravtl 


• 


m 


«rHt brrrblk tand 


SnoH Dun, Don Valltjr 


2M 


tfHt bnrblk sand 


■ 


21A 


dni DTifHilk sand 


m 


21fi 


dHt tan^lk sand 


m 


21C 


drk bn^lk saul 


m: 


&» 


drk bm sand 


• 


22B 


drt tarn sand 


■: 



Rajor and Minor ion analysis n/L 

OtDth <■) dH M13 



1.34 


B.SS 


•30. &3 


•.4S 


&.S 


+ 


Sarfacv 




♦ 


Svrfact 




22£.a8 


1.25 




72.76 


•.38 




4«.2fi 


•.&3 




+ 


•.23 




•£.00 


•.34 




, ♦ 



SAMPLE 



SPf«LE 



CI 



C03 



IC03 



Br 



Na^ 



•0 


192.84 


1.28 


♦ 


♦ 


♦ 


♦ 


+ 


•B 


+ 


•.85 


+ 


♦ 


•.56 


* 


h 


19A 


♦ 


+ 


♦ 


+ 


* 


* 


* 


an 


1383. •• 


* 


♦ 


* 


•.12 


%.m 


1130.08 


'm 


33.82 


+ 


♦ 


'« 


•.2^ 


•.00 


188.88 


sit 


33.81 


*■ 


*■ 


4 


•.2* 


0.88 


188.80 


m 


♦ 


♦ 


* 


* 


♦ 


♦ 


♦ 


eaft 


40. 88 


+ 


* 


t- 


•.IS 


8.80 


138.80 


ggp 


789. 7S 


+ 


+ 


^ 


•.2^ 


8.80 


1168.80 



K+ 



C«*+ 



S04 



an 


+ 


2.S6 


28.21 


185.54 + 


•i 


# 


■"♦ 


♦ 


♦ + 


£99 


* 


+ 


♦ 


♦ + 


SIR 


2k 08 


9.2S 


£0.80 


688:08 * 


m 


0.88 


2.58 


46.88 


97.88 * 


21B 


2.88 


2. 23 


26.58 


130.08 * 


m 


* 


+ 


♦ 


♦ + 


':&8A'' 


11.80 


4.58 


13.88 


385.88 4- 


2SB 


16.20 


46.58 


9.25 


♦ ♦ 










* Ttot dctcrained 



IV-4 



Auoer Sitf : 


Snow Duo 














Suolff No. 


Rn 


P 


to 


fU 


Zn 


Ni 


Fe 


D«t. Uiit 


0.0030 


0.178S 


0.0340 


0.0820 


0.0200 


0.068S 


0.0060 


ea 


0.6012 


2.4199 


« 


17.fll70 


0.499S 


* 


61.9589 


216 




0.4S06 


t 


f 


0.0244 


ff 


0.7997 


22S 


0.0038 


0.36c% 


« 


0.2053 


0.0206 


* 


0.1913 



SM>L£ 


Pb 


Co 


Co 


Cr 


Cd 


S 


'it 


D«t. LiBit 


0.2300 


0.0X20 


0.0170 


0.0120 


0.0160 


t.0660 


0.1130 


8fl 


1.8706 


0.SB60 


« 


0.I7U 


0.0126 


£1.9600 


• 


21B 


* 


0.0782 


« 


• 


• 


140.8600 


ff 


22B 


f 


0.0fiAl 


« 


ff 


# 


162.3800 


ff 



SMPlf 
Det. Uiit 



Se 

0.2115 



Sb 

0.1885 



0.0008 



0.0225 



0.0010 



It 

0.1810 



80 


0.0871 


0.0646 


0.1443 


0.2334 


0.2535 


0.0130 


21B 


ff 


ff 


f 


0.0872 


0.0893 


ff 


228 


ff 


ff 


ff 


0.0462 


0.1182 


ff 



ff bcloH ICP dctcraination luits 



IV- 5 



Interstitial Water Samle Results Haior and Hinor ion analysis ao/L 
Urtian Park 
Siaole No. Litholoqx Ucation Death iai pH N03 

Seton Park, Don Valler 



lA 


l^t tm sand 


U 


lot bn sand 


le 


lot bm sand 


u 


1^ bm sand 



8.30 


7,75 


12. 46 


e.60 


7.70 


a.% 


190 


7.2S 


12. U 


L30 


7.S0 


30. 9S 



^1- 



SMU CI F COS HC03 Br I Nt* 



lA 


».98 


0.13 


68.00 


366.00 


1.96 


t 


4 


16 


59.98 


1.12 


75.00 


350.75 


* 


♦ 


♦ 


JC 


54.96 


0.13 


30.00 


335.50 


0.17 


0.01 


♦ 


ID 


52.11 


+ 


4- 


+ 


♦ 


♦ 


36.50 



I 



* 



SAMPLE X+ tfB** Ca^ 804 






■> 



lA 


♦ 


21. B0 


106.63 


66.32 


+ 


16 


♦ 


20.36 


100.62 


53.21 


+ 


IC 


♦■ 


U.22 


95.35 


74.62 


0.56 


ID 


10t 


1X04 


64.51 


63.68 


♦ 



+ not deterained 



IV.6 



l^z 



^^'^ cr -J f^.t ^o/^ 













V 








IntenitUl Uater SmdIb 


Results 


True Constituents 






ftusvr Site: 


Urtun Park 














Suole (to. 


Vh 


p 


No 


Rl 


Zn 


Ni 


Fe 


Det. Uiit 


1.0038 


B.17BS 


8.8348 


8.8828 


8.6288 


8.8AA5 


8.8860 


tA 


« 


8.2497 






« 




8.8121 





•.0971 








8.8287 




8.8326 


K 


t 








* 




6.8326 


« 


* 








i.8245 




8.8195 


10f) 


•.8389 








* 




6.8537 


-^ IBB 


i.8Ma 








« 




6.1286 


>/^ 

















SMPU 


Pb 


Cu 


Co 


Or 


Cd 


S 


As 


Det. Liait 


8.2388 


8.8158 


8.8176 


8.8128 


6.6168 


ft. ODOB 


8.1136 


lA 




ft 




ft 




22.1318 




IB 




ft 




* 




17.7848 




IC 




» 




ft 




24.9328 




19 




8.8725 




4 




21.2528 




m 




8.6816 




ft 




34.1588 




m 




8.8142 




« 




3.5721 





SMPU 


St 


Sb 


V 


6 


Ba 


Bft 


Det. Uait 


6.2115 


6.1885 


8.6886 


6.6225 


6.8618 


6.8618 


lA 


8.8582 




6.8839 


6.8648 


6.8629 


6.8881 


tt 


6.-8618 


6.8312 


8.8645 


6.6923 


8.8774 


6.8881 


IC 


6.8517 


6.8319 


8.8646 


8-1279 


8.8691 


6.8681 





6.8394 


6.8312 


t.8027 


8.8313 


6.8318 


6.8881 


16fl 


8.8742 


8.8548 


6.8087 


6.166a 


8.8855 


6.8891 


IBB 


6.8935 


6.6297 


« 


8.1285 


8.8941 


* 



4 bvlOM ICP dttmiMtien Iwits 



IV- 7 



Run! 


RMri 






Samle Na 


Littiology 


Location 


14A 




lot brn sand 


Ballantraa, Dnt 


14B 




drk brn sand 




14C 




tfrk bm imd 




14£ 




rtty tarn sand 




ISA 




Igt fan sand 




ISB 




Ipt brn sand 




ISC 




rfty tarn sand 




15D 




rstv bra sand 




ISE 




rsty bnt land 




I3F 




brn sand 





fUjor and Ninor ton analysis n/L 

Onth (■) oH Na3 



e.3a 


7.42 


29.45 


e.9e 


7.27 


21.78 


1.87 


7.J7 


49.12 


167 


7.« 


26.66 


1.38 


7.55 


28.17 


1.97 


7.fiS 


23.73 


UTi 


7.63 


♦ 


i.e 


7.sa 


38.16 


8.29 


7.77 


♦ 


2.71 


7.38 


16.ff7 



SfWLE 



SPHPLE 



CI 



K* 



CQ3 



HCa3 



Ha* 



im 


17.54 


8.16 


15.88 


137.25 


+ 


+ 


27. ea 


m 


0.41 


8.86 


* 


+ 


♦ 


+ 


27.se 


14C 


lS.fi7 


8.86 


♦ 


♦ 


Iu3t 


8.81 


38.08 


14£ 


36.84 


8.83 


♦ 


268.48 


8.78 


8.81 


38.88 


ISO 


23.15 


8.86 


+ 


♦ 


* 


+ 


38.90 


m 


12.38 


1.84 


* 


♦ 


t.M 


t.81 


♦ 


m 


27.21 


♦ 


+ 


♦ 


♦- 


♦ 


32.58 


ISP 


72.89 


8.86 


♦ 


♦ 


* 


*■■ 


* 


-IS 


92.78 


♦ 


♦ 


♦ 


* 


♦ ■ 


65.88 


ly 


162.68 


8.82 


+ 


237.98 


8.56 


♦ 


98.58 



^^♦+ 



c»*^ 



S04 



EC 



14A 


5.80 


* 


♦ 


♦ 


1.31 


14B 


3.88 


+ 


+ 


+ 


■f 


14C 


5.88 


* 


* 


♦ 


♦ 


14£ 


2.88 


* 


+ 


* 


148 


IS) 


4.58 


♦ 


♦ 


♦ 


1.31 


ISB 


+ 


* 


♦ 


♦ 


♦ 


ISC 


1.80 


8.76 


21.84 


23.71 


♦ 


ISD 


* 


2.U 


69.22 


32.39 


L41 


ISE 


1.00 


+ 


♦ 


♦ 


+ 


15P 


1.08 


♦ 


♦ 


♦ 


1.54 



♦ not detemined 



IV- 8 



Auoer Site: 


Ruril Road 














Saaole No. 


Rn 


P 


fto 


Al 


Zn 


Ni 


Fe 


Det. Uiit 


0.0830 


0.1785 


0.0340 


0.0820 


0.0208 


8.8»1^ 


8.0MD 


m 


» 


* 




« 


« 




• 


W 


0.0836 


« 




« 


8.8203 




t 


tSE 


6.0121 


•.ias3 




0.11J7 


0.0492 




8.0176 


m 


« 


f 




* 


• 


♦ 


t 


IfiC 


§.0044 


I.23BB 




t 


8.8235 




• 



S(m£ 


Pb 


Cu 


Co 


D- 


Cd 


S 


As 


tet. Llut 


0.2300 


0101S0 


8.8178 


8.8120 


8.81£0 


8.8660 


8.1138 


i40 




f 








18^3 




m 




t 








4.2891 




tsc 




8.3349 








7.9454 




19 




« 








10.B410 




sec 




8.8144 








9.2275 





SPfflE 


St 


Sb 


V 


i 


Ba 


fie 


Oet. Unt 


8.2115 


8.1385 


8.8888 


8.8225 


8.0010 


8.0810 


140 


8.0476 


8.032S 


8.8835 


t 


0.0838 


« 


IV 


0.0674 


8.0368 


8.NS7 


8.0255 


8.0853 


8.0081 


IX 


8.0197 


8.8518 


0;86E6 


# 


8.0099 


« 


ISD 


8.039S 


8.0334 


8.8813 


ff 


8.8049 


t 


tfiC 


* 


* 


t 


8.0447 


8.8188 


♦ 



* teloM ICP detflniiwtion liaits 



IV- Q 



1 ■ 



SW 



■.■/ 



Fallon Field 






Suole No. 


LithoJogy 


Location 


m 


Ifft tin clay 


Nilliken, Qnt 


111 


l9t brn clay 






uc 


Ift brn clay 






tan 


l^t tm clay 






12B 


Igt brn e2ay 






I2G 


1ft brn clay 






I3R 


iQt tarn clay 






13B 


l9t brn clay 







tajor and Minor ion analysis n/L 

Deoth (■) dH N03 



t.91 


7. a 


257.23 


U4S 


7.60 


98.79 


£.27 


7.H 


48.31 


LtB 


7.S 


48.31 


1.91 


♦ 


•» 


LIS 


a. 87 


£9.46 


•.71 


7.10 


136.84 


L45 


7.88 


£188 



5AWU 



CI 



013 



HCOS 



Bp 



N»* 



HA 


+ 


8.11 


■f 


♦ 


+ 


+ 


♦ 


UB 


+ 


8.18 


+ 


♦ 


8.72 


8.81 


♦ 


lie 


184.88 


8.11 


♦ 


♦ 


♦ 


+ 


278.88 


- 12fl 


SB4.68 


+ 


♦ 


♦ ■ 


♦ 


« 


175.88 


12B 


+ 


♦ 


♦ 


287.48 


♦ 


♦ 


2S8.88 


IS 


24S.S7 


+ 


+ 


+ 


* 


♦ 


285.88 


13R 


216.88 


♦ 


♦ 


♦ 


♦ 


8.88 


* 


13B 


346.11 


8.85 


+ 


« 


8.88 


8.81 


£85.88 



sums 



K* 



1^ 



Ct** 



S04 



iM 


* 


+ 


♦ 


*■ 


+ 


m 


* 


12.74 


181.71 


74.95 


+ 


m 


* . 


♦ 


+ 


112.39 


+ 


m 


+ 


+ 


♦ 


+ 


♦ 


m 


3.88 


18:82 


68.24 


♦ 


1.57 


1£C 


* 


♦ 


* 


42.26 


+ 


138 


* 


•♦ 


♦ 


♦ 


♦ 


13 


3.28 


19.82 


1S2.38 


67.27 


1.97 



* not dvtmiTvd 



IV-10 



Aurar Site: FiUm Field 
Suolv No. Rn 

Det. Liiit •.eesa 



•.1765 



to 

•.•340 



01 
t.082A 



Zn 



Ni 

•.068S 



Fc 

8.W6CI 



m 


tmi 


t 


t 


f 


t 


* 


•.oett 


m 


«.ee6a 


« 


t 


« 


•.•244 


t 


•.•1&3 


m 


•.•ITS 


t.2199 


« 


12243 


i.07&8 


t 


LnC7 



I 




■■■.-..is ':;! 






tai 






Sims 

Art. Liiit 


Se 

t.2115 


Sb 

•.laes 


V 
•.•088 


B 

•.•22 


Ba 

a. 0010 


0.0010 


Ul 

IS 


•.•432 

•.ezei 

•.0174 


•.ess9 

•.•4S1 

•.0500 


•.••32 
•.0028 

0.0027 


ff 

•.•402 


•.•539 

0.0466 
•.0437 


•.0061 
0.0001 

« 



* beloM ICP dctiruiution liiits 



IV-11 



Crc'Diand 

SaiRole ^0. Ll^'lo!oDy 



Location 



"aior arte Mirer ion analysis mq/_ 

Deo'jn («) OH 'tf03 






m 



lot tjm clay 
lot orrr clay 
Igt om clay 
lot brn clay 
Igt bm clay 
lot brrt sand 
lot om sano 
lot bm sand 
Ipt bm sand 
let bm sanfl 
Srn sano * clav 
lot bm sanfl 
sano Hitn clav 



rtarKnan cornfield 



JerseyvillB cornfield 



0.^7 



373. M 



0.34 


+ 


166.57 


0.5A 


+ 


13ia.69 


0.74 


+ 


126.83 


0.93 


♦ 


35.13 


0.35 


+ 


12d.S0 


0.55 


+ 


63.30 


0.77 


+ 


51.60 


0.90 


+ 


67.30 


e.2£ 


+ 


209.10 


0.49 


+ 


192. ££ 


0.23 


+ 


50.19 


0.63 


+ 


76.40 



^Cck'Lt 



Li 



C03 



hcd: 



hr 



N«+ 



:6H 


16. "» 


+ 


1- 


+ 


+ 


■*■ 


<i.b:nd 


m 


23. -fc: 


+ 


+ 


* 


* 


*-^ 


12.0* 


m 


5-3. 'ra 


* 


+ 


r 


* 


* 


i:.M 


nit 


2:.65 


+ 


+ 


+ 


■* 


*: 


15. 5ii 


i^i 


il.'ri 


+ 


+ 


+ 


"* 


* 


i.!(() 


^ 


35. :i 


i?.0^ 


+ 


3«i.5^ 


1^.47 


^.dH 


5.2(1 


m 


33, 5;i 


a. If* 


+ 


id. jtj 


U.d5 


y.iiji? 


tt, i^ 


^ 


fi:.''^ 


^.06 


+ 


lti.30 


1^.5* 


0.0: 


le. 0V! 


iSii 


3=;. i0 


td.uid 


+ 


le:.c0 


id."/* 


tf.ii}l 


7.25 


i&a 


£7.4^ 


tf.0? 


+■ 


iO' M 


;S.1S 


tf.01 


i:.0v 


■m 


3d. =■*? 


<d.i^ 


+ 


Id.zVi 


«.:5 


i^.tt! 


:£.i:)0 


m 


■ 99. 7S 


d.06 


r 


iL'ti 


4«.2d 


0.i^ 


U.'H 


i71? 


f- 


fl.lJti 


+ 


♦ 


ti.ca 


HJ.kU 


iS.c* 



i-(''^-'.:i 



■flo*-* 



La++ 



ic 



ig^: 


i.S0 


5.5* 


55. y0 


+ 


+ 


i# 


0.00 


t.75 


44J,00 


+ 


* 


:|Si^i 


0.:i3 


4.25 


72. ki0 


5d.00 


* 


1$0 


3.50 


4.50 


40.00 


35.00 


X 


^ 


:.ti0 


C.tHj 


il7.i'^ 


+ 


* 


^ 


3.3^ 


^.50 


65.00 


a.0«? 


*■ 


m 


l.JO 


c.2i1 


*2. t>0 


:5.^0 


* 


^.'. 


ii.:;^ 


3.75 


41.00 


3^.00 


* 


-SSlj, 


'♦.iJ 


j.;5 


-b.vW 


■?5. ii;0 


- 


m': 


3.5^ 


7.22 


65.^-0 


55.00 


■t- 


M 


tf. a0 


Ij.bw 


::b.<i0 


:i.<'0 


+ 


17A 


12. 3^ 


7.25 


77.50 


15.00 


+ 


srs 


ii. .'"i? 


i.m 


D0.i^0 


:i.^i0 


r 



♦ r-o: ceiermirec 



Auoer Site: CrooUnd 



Stfole No. 


Mn 


P 


Ho 


HI 


Zn 


Ni 


Pe 


Det. tint 


1.8038 


8.17eS 


8.8348 


8.8&?« 


8.0288 


8.8f;ft5 


8.6061) 


25R 


8.8312 


8.2412 


* 


8.1134 


8.8363 


* 


8.1448 


25B 


8.8858 


8. 2258 


t 


t 


8.0320 


« 


ff 


2SC 


8.8148 


« 


* 


t 


«.e382 


« 


6.6382 


Sft 


8.8514 


8.2778 


• 


t 


8.6899 


t 


6.1222 







Ort. Liiit ■-•.2388 6.8158 ;i;:i.8X78 MISB V 6-1166 '■ t.66fi6 .' ', •.113" .., . _, 



CSl ' S''-^^ *->'■■: 61.82X4 7?';-";« '.■■"'- .-^v* i'^-.-"^ ''"'•:• .■'."■',"■■-'?;;■< 5766 av:-'* C-rs^'k^^v^i' 

25B -t ' ■■ 6.6194 -■"*#"•- " f ' '■ • ■ . 5.2259 • -■-''■'-' 

25C f 6.8218 » • • 7-6167 ♦ 

23) ff 6.8149 ft « « 4.6818 • 



JJ- 



sems 


St 


6b 


V 


6 


U 


Bi 


Dvt. Umt 


6.2115 


6.168S 


6.6666 


6.6225 


6.6618 


t.8816 


2» 


ft 


ft 


ft 


6.83G& 


6.8391 


ft 


25B 


ft 


« 


"«t' 


811385 


6.8698 


ft 


2SC 


ft 


t 


« 


6.8239 


6.81fiB 


ft 


25D 


ft 


• 


ft 


6.8247 


8.1659 


ft 



« Moi ICP dctcrainitian liaiti 



Iv-13 



Sediaent fliulysis 

ffeutron Activation Analysis 

Pvamttr 
•9/5 

Sanle Nn CI 



Croolmi lit I,fi2 . . 13.36 






■ ' * 


*-■-■■";■■;. ■■■ WD 




-- 


D-oDland 
16C 


•.K 


'--. 


D*oolud 


%^m 


>■■. 


ITC 




■t. 


froaland 


$,V 


1 


17D 
C^ooland 


•.« 




1£E 




't' 


D'ooiand 


LU 


'J 


IQ 






£.28 1%.10 



S.ie 159.86 



S.16 ifia.33 



S.2S U4.a3 



I.S9 1B.38. 



V-1 



Sediamt ftrulyvis 

teutron Artivition Rnilyiis Psruetcr 

Suolt U Sc Fe Na Co Or 

ShoH OtKt ia.S (.88 2.71 U» a.71 48.a 

. 1S.S5 KS6 1.34 Ctt 9.17 Z3.U 




E.15 1-73 fi-M 38.79 

2.39 1.57 £.73 2fl.ll 



, -- -■■ ' ■ .=- 


-j.i* ■.:■- . : 




fiwM Dun 


afi7 


£.73 


22ft 






Cnjolxnd 


i&.es 


£.49 


2sn 







V-2 



' sP-^K^"^^* 



" ,-^^ v^ 



•-T? ' 



SediKnt frulysis 
Itovtron Activation ftuiysis 



SMDlf 



Ti 



Paruvter 
Ha 



Aiyp 



Rnral Rud 134 
ISC 



LM 7.S3 1&.43 lis 



46.82 




■.^v;ifVeo':%^&S>i. 




■-. -,•,; ; --J,- - 






'■'■',, -'.Z J*': -!"'* f" -:." 






1.41 



146 



147 



124 



145 



148 



2.6 



SnoH Duo 12 



fro* Dm 


21A 


SnoH Dwo 


22A 


&m Don 


23 


ShOH D«o 


2«8 


SncH Dun 


22C 


ShOM Dwo 


29A 


frm Duo 


210 



IK 9.96 14.17 1»4 



L48 ISa 16.56 184 



187 1166 17.34 183 



187 116 169 188 



1.27 13.92 9.Z7 IC 



L49 1168 11.51 184 
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Figure VI. 1 Distribution of arsenic, Duffins Creek-Rouge River basins 
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Figure VI. 2 Distribution of antimony. Duff ins Creek-Rouge River basins 
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Figure VI- 3 Distribution of phosphorous, Duff ins Creek- Rouge River 

basins 
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Figure VI- 4 Distribution of zinc, Duffins Creek-Rouge River 
basins 
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Figure VI- 5 Distribution of boron, Duff ins Creek-Rouge River 
basins 
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Figure VI-6 Distribution of aluminum, Duffins Creek-Rouge River 
basins 
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